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ABSTRACT
This geotechnical laboratory test program evaluated the
engineering properties of undisturbed Arctic silt taken off-
shore in the Beaufort Sea, Alaska, within the Soft Zone Area
of Harrison Bay. Twenty tube samples from a 25 ft thick
deposit were radiographed to determined macrofabric and
evidence of disturbance, followed by analysis of pore fluid
and mineralogical composition and measurement of index and
one-dimensional consolidation properties. A comprehensive
series of consolidated-undrained triaxial compression and
extension and direct simple shear tests evaluated normalized
behavior and strength anisotropy.
This thesis discusses the triaxial test program in
detail. It summarizes the results from the consolidation
and DSS tests which are fully covered in a companion thesis
by Yin (1985), "Consolidation and Direct Simple Shear
Behavior of Harrison Bay Arctic Silts".
Fourteen consolidated-undrained triaxial tests were
conducted, these including isotropic and anisotropic
consolidation, and extension and compression failure modes.
Ten samples were tested-normally consolidated, with the
remainder on overconsolidated soil using the Recompression
technique. Two sets of tests suggest that the simplified
method of Ko consolidation appears promising and should
receive further consideration. A SHANSEP analysis of the
data produced similar strengths to those obtained from the
Recompression tests.
The site profile was divided into four layers based on
the test results. From top to bottom these are: 1) a
strongly dilative, very low clay content soil; 2) a
dilative, low clay content soil; 3) a transition zone; 4) a
non-dilative, high clay content soil. Dilative behavior is
shown to be related to clay content, water content,
plasticity index, and granular void ratio.
Application of the strain compatibility technique to
layers 2 and 4 yielded a normally consolidated cu/a'vc=0. 24
at the selected design shear strain of 12%, but with layer 2
exhibiting significantly more anisotropy. Limited data
suggest a higher ratio, 0.30 for the top six feet (layer 1).
An undrained strength profile is developed based on a
SHANSEP analysis.
Thesis Supervisor: Dr. Charles C. Ladd
Title: Professor of Civil Engineering
Dr. John T. Germaine
Title: Lecturer in Civil Engineering
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CHAPTER 1
INTRODUCTION
1.1 BACKGROUND
Oil exploration in offshore areas of the Arctic has
burgeoned during the last decade. As the United States and
Canada strive to become energy self-sufficient, hydrocarbon
development in the Arctic waters shown in Fig. 1-1 will
undoubtedly continue to grow. The Beaufort Sea is one
region that is considered to contain tremendous petroleum
reserves. Hydrocarbon resources have been estimated at 22
billion barrels of oil equivalents (risked mean) in the
Alaskan Beaufort and Chukchi Seas (National Petroleum
Council, 1981) and at 95 billion barrels of oil equivalents
(maximum potential) in the Canadian Beaufort Sea (Ocean
Industry, 1982).
Hydrocarbon development is a volatile endeavor in all
parts of the world, but particularly so in the Arctic. In
addition to the severe climate and sea ice conditions and
remote location, development is further complicated by
subsea conditions such as permafrost, gas hydrates, ice
scouring, and weak soil deposits. Technical solutions must
also take into account the environmental and socio-economic
issues of this sensitive region. Well costs in the Beaufort
Sea have been estimated at $40 - 50 million compared to
$1.5 - 3 million in the Gulf of Mexico (McCaslin, 1983).
Exploratory work in the Beaufort Sea was initially
carried out using drill ships. This restricted drilling to
the open water season, typically a period of three months or
less each year. Immobility and an inability to withstand
the large ice loads precluded the use of conventional
platforms and jack-ups. In 1973 Esso completed the
construction of Immerk, an artificial gravel island in the
Beaufort Sea, and thus ushered in a new era in Arctic
development. Gravel islands are capable of withstanding the
large lateral loads exerted by ice, thereby allowing
drilling to continue throughout the entire year. To date
over 25 islands have been built in Arctic waters for the
purpose of oil exploration.
In recent years, as the search for hydrocarbons has
extended into deeper water, there has been increased
emphasis placed on the development of structural concepts
for mobile gravity platforms. Several designs are depicted
in Fig. 1-2. Hybrid structures, which combine structural
elements such as caissons with earth material, have already
successfully been put to use in the Arctic. The ability of
structures to be used at more than one drill site and the
reduction in fill material required lead to savings in
exploration costs.
Essential to the construction of islands and platforms
is knowledge of the geotechnical properties of the founda-
tion materials. The subsea profile typically consists of
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"Arctic silts". (This classification as silt is based on
gradation rather than the plasticity chart.) These silts
behave significantly different from soil deposits found in
other offshore areas where oil and gas development has
occurred. The structures founded on the Arctic sea floor
are subjected to critical loads in the horizontal direction,
also an unusual design problem.
Limited research characterized the Arctic silts as
exhibiting dilative behavior during undrained shear (Wang
et al., 1982). Figure 1-3(b) illustrates that, in contrast
with results for typical sedimentary clays, a unique value
of undrained shear strength cannot be chosen for the case of
a dilative silt. Soft zone areas further complicate the
foundation conditions. Figure 1-4 shows the location of the
Harrison Bay Soft Zone Area (SZA), the site of concern in
this study. Mukluk Island, a gravel island built by Sohio
during 1983 for oil exploration, lies entirely within this
problem area. In this region, the undrained shear strength
is very low just above the partially frozen zone overlying
relict permafrost as illustrated schematically in Fig.
1-3(a).
The following geotechnical considerations are viewed as
particularly important in the design of Arctic gravity
structures (Ladd, 1984):
(1) The short term (undrained) behavior of the soil
under gravity loads from the structure;
(2) The possibility of severe lateral squeezing and
large radial deformations arising from the large
width of the structure in relation to the
thickness of the weak soil layer;
(3) The magnitude and rate of strength gain due to
consolidation of the foundation soils under the
weight of the structure, possibly accelerated by
prior installation of vertical drains;
(4) A reliable estimate of the foundation resistance
that will be available during ice loading wherein
the applied horizontal force may produce large
rotations and possible reversals in the direction
of the shear stresses acting within the foundation
soils;
(5) A foundation design for a mobile exploratory
drilling structure that must have the capability
to break away from the sea floor for relocation
and also contend with a range of sea floor
conditions.
Past developments in the Arctic have largely relied
upon the exploration and testing methods used for empirical
designs of pile supported platforms in the Gulf of Mexico
(Ladd, 1984). The research presented here was undertaken
with the belief that, due to the unique geotechnical envi-
ronment found in the Arctic, relying on methods developed
for other regions was inadequate, and that more fundamental
research into the behavior of Arctic silts was required.
1.2 MIT CENTER FOR SCIENTIFIC EXCELLENCE IN OFFSHORE
ENGINEERING
In September of 1983 the Center for Scientific
Excellence in Offshore Engineering was established at MIT
under a $2 million grant from Standard Oil Company of Ohio
(Sohio). The primary purpose of the Center is to conduct
research on technical problems related to hydrocarbon
development in the Beaufort Sea. The grant, which is spread
over a period of five years, was one of five awarded by
Sohio to universities as a result of a nationwide
competition for programs which would involve university
based research on problems of national significance.
The Center at MIT supports research activities in the
Departments of Civil and Ocean Engineering related to ice
mechanics, geotechnical, structural, hydrodynamic, and risk
and reliability aspects of offshore Arctic development. In
addition to directly supporting research activity, the
Center also promotes scientific interchange on the topic of
Arctic engineering through the sponsorship of symposia,
seminars and short courses. All the activities of the
Center are closely linked with Sohio through involvement of
Sohio personnel at both the administrative and technical
levels.
The Center's program in geotechnical engineering
sponsors research in two areas: (1) engineering properties
of Arctic silts, and (2) theoretical procedures for
assessing the foundation stability of Arctic gravity
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structures. Research on the first topic started at the
time of the Center's inception, and studies in the second
topic commenced in September of 1984..
Research grants from the MIT Sea Grant Program and from
six industry sponsors were initiated in July of 1984 to
further support the task of evaluating the geotechnical
properties of Arctic silts. The six industry sponsors
[Brian Watt Associates, Inc. (Houston), Bedford Institute of
Oceanography (Nova Scotia), McClelland-EBA, Inc. (Alaska),
Norwegian Geotechnical Institute (Oslo), Stone and Webster
Engineering Corp. (Boston), and The Earth Technology Corp.
(Long Beach)] have practical experience in dealing with
geotechnical exploration and design for offshore Arctic
structures. Technical representatives from Sohio and the
Joint Industry sponsors met at MIT semi-annually to discuss
the results and future direction of research activities.
The Center's goal of providing technical interaction with
industry has thus also been promoted.
The results obtained during the first year of
evaluating the engineering properties of Arctic silts have
been published by the Center in a research report,
"Strength-Deformation Properties of Harrison Bay Arctic
Silts", by Sauls, Germaine, and Ladd (1984). This thesis,
and a thesis written by E.Y.P. Yin in conjunction with it
entitled "Consolidation and Direct Simple Shear Behavior of
Harrison Bay Arctic Silts" present the results from the
second year of the research program.
1.3 OBJECTIVES AND SCOPE OF RESEARCH
Ultimately the aim of the Center's research in experi-
mental geotechnical engineering is to develop recommended
procedures for measuring the engineering properties of
Arctic silts which are necessary for the safe and economical
foundation design of offshore structures. Specifically the
program seeks to address the following issues (Sauls et al.,
1984):
(1) Why Arctic silts exhibit unique behavior compared
to other offshore sediments, which negates
reliance on past empirical correlations.
(2) What types of in situ and laboratory test programs
should be used to develop reliable estimates of
the initial strength-deformation properties needed
to predict the performance of gravity structures
during and after setdown.
(3) What types of laboratory shear tests should be
used to select design strengths in order to
evaluate foundation stability against massive
horizontal forces due to ice loadings.
Evaluation of these experimental results together with field
data will provide the basis for developing guidelines for.
recommended practice.
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Research on the engineering properties of Arctic silts
can be divided into three phases of investigation:
(1) Geology and composition of the deposits;
(2) Basic strength-deformation properties as a
function of temperature, stress history, and
failure mode;
(3) Foundation stability against ice loading.
Efforts during the first year accomplished most of the first
phase and a preliminary study of the second phase. The work
described in the two theses concentrates on considering the
second phase in detail. The third phase, which will require
special laboratory shear testing, is scheduled to start
during the summer of 1985.
The soil tested in this phase of the project was
supplied by Sohio Petroleum Co. It sponsored a special field
program conducted adjacent to Mukluk Island in April of 1984
that provided the Center with 20 undisturbed tube samples.
The soil samples tested during the first year of the project
were also provided by Sohio. Eight tube samples contained
material from beneath Mukluk Island, and seven tube samples
were from borings several miles north of the Island. All of
the samples were refrigerated during transportation and have
been stored near the in situ temperature.
This research was supervised by Prof. C.C. Ladd and
Dr. J.T. Germaine. Dr. R.T. Martin and Prof. H.H. Einstein
contributed to the mineralogy and geology respectively. Mr.
R.B. Littlefield provided assistance in the laboratory
through MIT's Undergraduate Research Opportunity Program.
The assistance of Dr. J.S. Weaver, Sohio's Technical
Representative for geotechnical engineering, has been
essential to the development and execution of the overall
program.
1.4 ORGANIZATION
Chapter 2 describes the Beaufort Sea environment and
the general engineering properties of Harrison Bay Arctic
silts. The shortcomings of the design methods used to date
in Harrison Bay are discussed, and the results of the first
year of research done at the Center are summarized.
Chapter 3 contains information concerning the field
testing program and covers basic characteristics of the
samples. Results from index tests and compositional
analyses are presented. This chapter also describes the
overall second year test program.
The results from engineering tests are presented in
Chapters 4, 5, and 6, these dealing with research related to
the consolidation, the triaxial and the direct simple shear
test programs respectively. This thesis only summarizes
data from the consolidation and direct simple shear testing
which are treated in detail by the thesis authored by E.Y.P.
Yin, "Consolidation and Direct Simple Shear Behavior of
Harrison Bay Arctic Silts." All other chapters are common
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to both theses.
The overall results are analyzed and synthesized in
Chapter 7. Chapter 8 provides a summary, conclusions and
recommendations based on research completed to date.
Detailed information from the engineering tests are found in
appendices.
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CHAPTER 2
BACKGROUND ON HARRISON BAY ARCTIC SILTS
2.1 ENVIRONMENT
The location of Harrison Bay in the Alaskan Beaufort
Sea is shown in Fig. 2-1. The area of interest in this
study is contained in Outer Continental Shelf (OCS) Lease
Sale Area 71. General knowledge of the environmental
conditions is necessary for understanding the foundation
requirements for offshore structures.
The force exerted by ice is the critical design factor
for structures in the Beaufort Sea since lateral ice loads
may reach 50,000 to 200,000 tons depending on the
structure's location and configuration (Gerwick, 1983).
Three separate ice zones are distinguished in the Arctic.
These are landfast ice, polar pack ice, and the shear zone.
Figure 2-2 illustrates these zones and some of the features
which occur within them. Sea ice is also classified as
either first-year ice or multi-year ice. Multi-year ice has
lasted through more than one melt season and a rolling
hummocky surface distinguishes it from first-year ice.
Landfast ice is attached to the shoreline or sea
bottom. In the Beaufort Sea it typically grows to a
thickness of 6 ft'and extends to about the 65 ft contour
line (Dingle, 1982). Formation of landfast ice starts in
late September or early October. Open water is present
again by July.
The polar pack consists mostly of multi-year ice which
moves continuously in a clockwise direction. This wind'
generated circulation is called the Beaufort (or Arctic)
Gyre and is centered around 76*N-145*W. The pack is
approximately 1500 miles in diameter with average ice
thicknesses of 30-40 ft (Noble, 1983). In some years
shifting winds bring the rotating mass directly into the
shoreline.
The area between landfast ice and the polar pack is
known as the shear zone, transition zone, or stamukhi. It
varies in width from year to year and seasonally depending
on geographic location and the position of the polar
pack.. This zone, which may extend for as much as 190 miles
or as little as 30 miles, is composed mostly of first year
ice. The shear zone is the most difficult ice regime in
which exploratory drilling has taken place (Noble, 1983).
Currents, winds, and the Beaufort Gyre act on the ice
and transform smooth sheet ice into such features as
pressure ridges, shear ridges, rubble fields, leads, and
polyn'yas. Pressure ridges result from the failure of level
ice subjected to horizontal forces. Shear ridges similarly
result due to shear action between ice features. Ridges
occur in all three ice zones but are particularly prevalent
in the shear zone and polar pack. The process creates an
exposed mass of failed ice known as a rubble pile. Ridges
may be as high as 30 ft, and have keels of up to 60 ft in
the landfast zone and 150 ft in the polar pack zone. These
deep keeled ridges become grounded to the sea bottom and
result in gouging or scouring of the ocean floor creating
furrows as deep as 10 ft. In deeper water the ridges will
not ground out and the term rubble field or hummock field is
applied. The term rubble field is also applied to the mass
of failed ice generated by the passage of moving ice around
an artificial island. Leads are open channels of water
which form within an ice covered area. Polyn'yas, or open
water areas, are also frequently encountered. The Cape
Bathurst Polyn'yas is an open area that forms consistently
each year due to easterly winds.
Within the Harrison Bay Area water depths extend to
60 ft. Because of limited fetch distances created by the
polar ice pack, wave heights in the Beaufort Sea are
relatively small. However, storm surges of up to 10 ft are
of concern (NPC, 1981). Currents are less than a knot and
do not generally create much problem (Hnaituk, 1983).
2.2 GENERAL SOIL PROPERTIES
Prior to commencement of the Center's experimental
work on the engineering properties of Harrison Bay soils,
several proprietary studies of the region were made
available to MIT. Geotechnical programs conducted during
1982 and 1983 reported on in the studies sampled areas both
inside and outside the Soft Zone Area as shown in Fig. 2-3.
Based on these reports the following generalized soil
profile was drawn up for material inside the Soft Zone Area
(Sauls et al., 1984):
Depth Below Index
Mudline, z(ft) Soil Type Properties
0-5 Dense SAND-SILT
5-15 "Medium" water content- wN= 40±10%
plasticity SILT Ip=10±5%
15-25 "High" water content- wN=50±10%
plasticity SILT Ip=20t5%I I IL=±0.2
25-30
> 30
Partially frozen soil
Relict permafrost
wN = Natural water content
Ip = Plasticity Index
IL= Liquidity Index
The data made available also aided in identifying some
of the differences in soil properties between soils inside
and outside the Soft Zone Area. Figures 2-4 through 2-8
show natural water content, undrained shear strength,
plasticity charts, and plasticity and liquidity indices
plotted separately for soils inside and outside the Soft Zone
Area. The salient differences are noted below.
PROPERTY INS IDE SZA OUTSIDE SZA
wN (%) 30-60 20-45
Increases with depth Constant with depth
cu(kg/cm2) 0.1-2.0 0.1-3.5
Decreases with depth No trend
Classi- ML or MH CL or ML
fication Plots below A-line Straddles A-line
IL 1.05 ± 0.45 SD 0.45 ± 0.4 SD
The Soft Zone Area is thus distinguished from the rest of
Harrison Bay by both engineering and index properties.
The data show a large degree of scatter in all plots.
The scatter in the index and classification parameters is
believed to predominantly reflect spatial variability of the
deposit. Variations in the undrained shear strength values
may also be attributed to sample disturbance, the different
failure modes involved in the tests, and the crude nature of
the tests.
Stress history information for the Harrison Bay Arctic
silts was also extracted from the reports and Fig. 2-9 plots
the results for the Soft Zone Area. Preconsolidation
pressures show a tendency to decrease with depth, although
with considerable scatter. At the time the plot was
composed it was not known if the scatter reflected true
spatial variability, and hence significant changes in
compressibility and strength, or was mainly caused by sample
disturbance and variations in testing procedures. Further
experimental work done at MIT has confirmed the finding that
preconsolidation pressures are indeed significantly lower
within the bottom portion of the Soft Zone Area.
Interpretation and evaluation of the stress history
requires consideration of the various mechanisms that might
have caused the measured preconsolidation profile. Such a
profile could not be created solely by the erosion of
overburden. The section which follows examines some of the
mechanisms which could have produced the observed stress
history.
2.3 ENGINEERING GEOLOGY
Knowledge of the origin of the near surface sediments
in the offshore Arctic is necessary to allow proper
evaluation of geotechnical properties. Within Harrison Bay
several geological considerations are particularly relevant
to geotechnical engineering:
(1) What mechanisms are responsible for the overcon-
solidation of the deposits.
(2) How was the soft zone formed, and could this
process have produce similar types of deposits
elsewhere in the Arctic.
(3) What is the extent of subsea permafrost and how is
the permafrost regime changing with time.
Studies in other areas of the Beaufort Sea have noted
two key engineering issues: (1) subsurface conditions can
change significantly over distances as small as 300 ft; and
(2) the depositional environment can produce horizontally
bedded sediments which may have layers with large strength
differences (Jefferies and Funnegard, 1983). Geologic
features in Harrison Bay certainly support these two
generalizations concerning Arctic sediments.
Research into the engineering geology of Harrison Bay
was undertaken by Prof. H.H. Einstein and Dr. B.E. Novich
during the first year of the Center's activities. An
overview of their findings is given in Sauls et al. (1984).
The first Technical Progress Report submitted to Sohio (Ladd
et al., 1984) contains the full details of the study which
was based on a review of current literature. Although much
of the geological history of this area remains unresolved, a
simplified summary of the dominant issues and ideas examined
by Einstein and Novich is offered below. Only information
relating to the Pleistocene and Holocene epochs is
considered. The Pre-Quaternary geology is not viewed as
important for understanding the nature of the near surface
sediments (background on this topic was treated in Ladd et
al., 1984).
During the Pleistocene the sea level in the Arctic
fluctuated as the amount of water tied up in glacial ice
sheets changed. At the end of the Pleistocene epoch,
approximately 10,000 years ago, the sea level of the
Beaufort was 300 ft below its present level. Retreat of the
continental ice sheet resulted in the slow rise of the sea
(in a series of minor transgressions and regressions) to its
present position. It is important to realize that the
Harrison Bay region itself (as well as the rest of the
Beaufort Sea coastal region) is believed to be free of any
glaciation during this period.
The Quaternary deposits present in the coastal areas
consist of the Gubik formation and Holocene sediments. The
Gubik formation is predominantly a glacially derived marine
deposit although there is evidence of lacustrine, fluvial,
or lagoonal deposits in the upper layer. The Holocene
materials found in the region are believed to be near shore
marine deposits laid down during the last transgression.
The base of these deposits is frequently permafrost,
particularly within 60 miles of the shore line. Theories
suggest this permafrost is "relict",.or permafrost which
formed during a colder climate and which is not in thermal
equilibrium with the present ground temperature. Fig. 2-10
illustrates the location of these features in the Harrison
Bay region as developed by Einstein and Novich.
As mentioned previously (Section 2.2), laboratory
consolidation tests show that the soil deposits in
Harrison Bay are overconsolidated. Profiles showing the
stress history are given in Figs. 2-9 and 3-12. It can be
seen from these plots that the sediments are highly
overconsolidated near the surface but that preconsolidation
pressure decreases with depth within the Soft Zone Area.
Erosion of overburden would result in a constant difference
between the preconsolidation pressure and effective over-
burden stress (ap - avo), thus it alone could not produce
the observed profile. Several mechanisms have been proposed
which acting alone or in combination could be responsible
for overconsolidating the deposit (Sauls et al., 1984):
(1) Ice loading and gouging presumably could cause a
highly variable pattern of overconsolidation.
(2) Desiccation has been found to be significant in
many offshore deltaic deposits.
(3) Freezing and thawing cycles have been suggested as
a possible cause of preconsolidation in the
Beaufort Sea (Chamberlain et al., 1978).
(4) Wave action induces repeated shear stresses in
ocean sediments (Madsen, 1978) which could result
in preconsolidation.
(5) Natural cementation between soil particles
results in an increase in measured preconsolida-
tion pressure.
(6) Secondary compression (aging) has been shown to
cause preconsolidation (Leonards and Altschaefl,
1964, Bjerrum, 1967) although not of the magnitude
exhibited by Arctic silts.
The available geological data were insufficient to
conclude whether the deposits in Harrison Bay are of
Pleistocene or Holocene origin and what caused the over-
consolidation of the deposits. Ladd et al. (1984) proposed
two possible scenarios. Scenario 1 assumes that the near
surface sediments are Holocene, and a second scenario
suggests that these materials are of Pleistocene origin.
Engineering implications associated with Scenario 1 are that
the material has never been frozen and that subsea perma-
frost conditions are not changing. Scenario 2 implies
opposite conditions which are that the deposits have exper-
ienced several cycles of freezing and thawing and that the
permafrost is degrading. In both scenarios the soft zone is
assumed to have been created because of a difference in
sediment transport regime of the Colville River. The crust
above the soft zone is attributed to silica cementation
and/or freezing related overconsolidation. Combinations of
the elements of the two scenarios are also noted as being
plausible. It has been suggested that the frequent local
variation in sediment type and texture found in the Beaufort
Sea may be due to "leveling out", the process whereby the
original Pleistocene topography has been smoothed over by
erosion and filled in during the Holocene epoch (NRC, 1982);
Such an idea would support portions of both scenarios.
MIT recommended that dating of the Harrison Bay
deposits be pursued to help resolve some of the controversy
concerning the geologic origin. A first step at determining
the age of the sediments has been taken and the results are
reported in Chapter 3. Efforts at the Center will continue
towards developing a more comprehensive understanding of the
geology of this region.
2.4 PROBLEM DEFINITION
As stated in the Introduction, the Center's ultimate
objective is to develop specific guidelines regarding geo-
technical exploration and testing for Arctic offshore
structure foundation design. These guidelines must take
into account the two unusual design conditions found in
Arctic waters: the nature of Arctic silts and the large
horizontal forces imposed by ice. Evaluation of the geo-
technical studies conducted previously in Harrison Bay
revealed that the procedures being used closely paralleled
those developed for the empirical design of pile supported
platforms in the Gulf of Mexico. Clearly relying on in situ
and laboratory test methods developed for the highly plastic
Gulf clays ignores the geotechnical conditions found in the
Arctic. Work at the Center has been undertaken with the
belief that fundamental research will lead to foundation
designs for Arctic offshore structures which are safer or
more economical than those constructed using the aforemen-
tioned empirical methods.
Geotechnical investigations carried out in Harrison Bay
during 1982 and 1983 developed soil properties based on the
following types of tests (Sauls et al., 1984):
(1) In situ tests such as the field vane and the Dutch
cone penetrometer;
(2) Strength index tests (Torvane, Pilcon vane,
miniature lab vane, pocket penetrometer) performed
on "undisturbed" push samples;
(3) Other laboratory shear tests on tube samples
such as unconsolidated-undrained triaxial
compression (UUC) and isotropically consolidated-
undrained triaxial compression (CIUC) tests.
All three methods are suspect when applied to Arctic silt
deposits.
In situ tests require empirical correlations to obtain
values appropriate for design. The correction factor versus
plasticity index recommended by Bjerrum (1972) is commonly
used to adjust measured field vane strengths. However, the
case histories from which the recommended correction curve
was developed did not include Arctic silt type soils. The
validity of the field vane test as an undrained shearing
process within Arctic silts is also questionable. The
permeability of some Arctic silts may be so high as to allow
partially drained conditions to develop during the test.
Measurement of strength using the Dutch cone poses similar
problems; the empirically developed data base for the cone
factor does not include Arctic silt type material, and there
can be uncertainty as to the drainage conditions (Sauls et
al., 1984).
In situ tests are usually the most reliable and cost
effective tool for measuring spatial variability of
deposits. Laboratory strength index tests are considered
less efficient for this purpose due to the high cost of
obtaining samples and are also usually less reliable due to
problems caused by varying degrees of sample disturbance.
The use of UUC tests to obtain design strengths depends
on uncontrollable compensating errors: the strength
increase due to rapid shearing and neglect of the effect of
anisotropy offsetting the effect of sample disturbance (e.g.
Koutsoftas and Ladd, 1985). CIUC tests, although more
sophisticated than UUC tests, are also deemed inadequate.
In CIUC tests the sample is isotropically consolidated and
then sheared with the major principal stress acting
vertically. This type of failure mode overpredicts design
strengths (Sauls et al., 1984).
A further example of the uncertainty associated with
the measurements of undrained strength in Arctic silts is
illustrated in Fig. 2-11. Field vane and UUC test results
are plotted from four borings in the Soft Zone Area. There
is considerable scatter in the data, but the mean undrained
shear strength value from the field vane tests is almost
twice that from the UUC tests. The UUC values may be too
low because of excessive sample disturbance. The field vane
values may be too high because of the presence of shells or
sand layers in the deposit and perhaps partial drainage.
Quantitative evaluation of these effects is not possible.
Several issues relevant to the behavior of Arctic silts
are also explicitly ignored by the strength test procedures
used in prior evaluations. Specifically, the effects of
anisotropy, changes in stress history, sample disturbance,
strain rate, and environmental factors are not considered.
Strength-deformation properties of sedimentary soils
have been shown to vary with the direction of the applied
major principal stress (01) relative to the vertical
direction of deposition (6 angle) (Ladd et al., 1977). This
property, anisotropy, usually causes a substantial decrease
in undrained strength and increase in strain at failure as 6
varies from 0* to 90*. Thus CIUC type tests (6 = 00), when
considered alone, overestimate design strengths.
In considering stability analyses, anisotropy is
coupled with the phenomenon of progressive failure - all
elements beneath a loaded area will not reach their peak
strength simultaneously. Soils exhibiting strain softening
will create a situation in which one soil element loses
resistance before the strength in another element is fully
mobilized (assuming a constant value of shear strain along
the potential rupture surface). The net result of averaging
shear strength values at different strain levels is a
decrease in the average strength (Koutsoftas and Ladd,
1985). An approach which considers this "strain compati-
bility" is important when selecting design strengths.
For offshore structures in the Arctic, ice loading will
probably make anisotropy and progressive failure effects
even more important because of the potential reversal in the
direction of the major principal stress during shear. As
illustrated in Fig. 2-12, the foundation soils will first be
subjected to significant radial shear stresses (possibly
accompanied by large radial shear deformations due to
lateral squeezing), followed by consolidation and strength-
ening. During this complex process the direction (given by
the angle 6) of the major principal consolidation stress,
alc, will undergo rotations, the magnitude of which will
depend on the depth of the soil element in the silt layer
and the distance from the centerline of the structure.
Application of an ice load then further complicates the
analyses by producing large rotations in the direction of
the major principal stress within most of the foundation
soils. An assessment of the limiting equilibrium condition
against horizontal sliding requires knowledge of the
available strength for a acting at 6 = 45 + 0'/2 degrees
to the vertical direction (Sauls et al., 1984). The
inadequacy of using CIUC tests to replicate the behavior of
soil under this complex loading condition is obvious.
Other considerations in evaluating design strengths
from laboratory tests are strain rate effects, test temper-
ature, and procedures to minimize the adverse effects of
sample disturbance. UUC tests usually shear specimens at
strains of 60% per hour. Such rapid rates will often
increase the measured strength by 20 ± 10% over values from
tests conducted at strain rates of 1% per hour (Ladd et
al., 1977). Standard practice is also to test specimens at
room temperature whereas field conditions in the Arctic
involve in situ temperatures around 0*C, a difference which
could also affect the measured strength. It is generally
accepted that samples must be reconsolidated in the
laboratory, both to obtain the proper initial state of
stress and to minimize sample disturbance affects.
Consideration of the above issues suggests the exis-
tence of considerable uncertainty in foundation designs
developed based on past test procedures. The Center's
objective is to provide practical ways of taking into
account these factors. Two design techniques, SHANSEP and
Recompression, specifically address some of the difficulties
associated with stress-strain-strength measurements in
soils. This study of the behavior of Arctic silts was
developed based on the test procedures advocated by these
two approaches. The philosphy and techniques underlying
both methods are described in the succeeding section.
2.5 EXPERIMENTAL APPROACH FOR STRENGTH TESTING
The SHANSEP procedure is a design methodology for
evaluating the in situ stress-strain strength properties of
cohesive soil (Ladd and Foott, 1974). SHANSEP is an acronym
for Stress History And Normalized Soil Engineering Proper-
ties. The basic steps used in applying this technique are
outlined in Table 2-1. For overconsolidated deposits, soil
specimens are Ko consolidated into the virgin compression
range and then unloaded prior to shear to obtain data as a
function of overconsolidation ratio (OCR). The procedure is
based on the assumption that mechanical overconsolidation
produced in the laboratory will simulate in situ behavior
even though the deposit may be overconsolidated due to other
mechanisms. This laboratory reconsolidation technique is
specifically aimed at minimizing the adverse affects of
sample disturbance. (Note that the method is not considered
applicable to deposits of cemented and highly structured
clays.) By conducting different types of tests (triaxial
extension, triaxial compression, and direct simple shear),
this method can also be used to provide measurements of
soil anisotropy. Fundamental to SHANSEP is the assumption
that the soil exhibits reasonable normalized behavior. This
requires that, for a particular value of OCR, identical
stress-strain-strength characteristics result when
normalized with respect to consolidation stress.
Figure 2-13 shows results obtained from applying the
SHANSEP procedure to direct simple shear test data on six
soils. The resulting relationship can be approximated by
the expression:
c
= S - (OCR)m
vc
where
C
S = - , for normally consolidated soil
avc
OCR = overconsolidation ratio
m = 0.8 ± 0.05
cu = undrained shear strength
vc = effective vertical consolidation stress
Once this relationship is established for a deposit, the in
situ cu profile can be computed based on knowledge of the in
situ overburden stress and preconsolidation pressure. The
normalized parameters thus provide a powerful design tool.
SHANSEP has been successfully applied in other offshore
areas (Ladd and Azzouz, 1983). However, at the start of the
Center's activities, available data were insufficient to
determine if the requirement of normalized behavior would be
satisfied for the case of Arctic silts.
Similar in philosophy to SHANSEP is the Recompression
technique (Bjerrum, 1973). This method also recognizes the
problems associated with sample disturbance and attempts to
mitigate these effects by Ko reconsolidating specimens to
the in situ effective overburden pressure. It is not known
to what degree the resulting volume decrease may affect the
measured strength, particularly for low overconsolidated
clays (Ladd et al., 1977). The method is better suited
however for testing naturally cemented soils, for highly
structured clays (high liquidity index and sensitivity) and
for heavily overconsolidated deposits (Ladd, 1984). For
these types of deposits consolidating into the normally
consolidated range, as would be done in the SHANSEP tech-
nique, could destroy the soil structure and seriously alter
the normalized soil properties.
Initial efforts of the Center's experimental program
were aimed at developing a detailed stress history profile
of the deposit. This information provides basic consolida-
tion parameters, gives perspective on the magnitude of
reasonable undrained strength values, and is one of the
steps in applying the SHANSEP technique. Further tests at
the Center have concentrated on evaluating the stress-
strain-strength behavior of normally consolidated Arctic
silt. The laboratory consolidation of specimens into the
virgin compression range was done to allow comparison of the
behavior of Arctic silt with that of other sedimentary
clays. The tests were run at different values of consolida-
tion stress to check if the soil exhibited normalized
behavior. Some SHANSEP type tests in which samples were
mechanically overconsolidated have been completed to measure
the effect of OCR. Recompression tests have been performed
to provide a basis for comparison with the SHANSEP tests.
The testing program has included three types of strength
tests, triaxial compression, triaxial extension and direct
simple shear, to measure anistropy.
Direct Simple Shear (DSS) tests compose a major portion
of the testing program. This type of test offers several
advantages (Sauls et al., 1984):
(1) The horizontal failure mode of shearing is
especially relevant to the ice loading condition.
(2) The test is easier and quicker to perform than Ko
consolidated undrained triaxial tests.
(3) The test requires less soil than triaxial tests,
often an important consideration in offshore
work.
(4) The measured undrained shear strength generally
gives reliable to somewhat conservative estimates
of the in situ undrained strength appropriate for
undrained stability and bearing capacity
analysis.
The triaxial portion of the test program emphasizes Ko
consolidated undrained (CKOU) compression and extension
tests. All of the samples tested were normally consolidated
by stresses applied in the laboratory. Several CIUC tests
were performed to enable comparisons to be made with data
obtained from past geotechnical programs. Some preliminary
Recompression type tests have also been included. Compar-
ison of DSS and triaxial test results allow evaluation of
the degree of anisotropy.
The SHANSEP technique has been successfully applied to
major projects both on land and offshore. The method is
relatively expensive and time consuming. The benefit is
that the Normalized Soil Parameters, once determined, can be
reused in analyzing different types of stability problems,
and at other sites having similar Arctic silt deposits.
Offshore work in the Arctic is just starting and there is
little reliable geotechnical data available from earlier
test programs. In such a situation, development of a com-
prehensive method for evaluating soil strength as achieved
through a SHANSEP type program should prove particularly
useful and cost effective, if the technique is found to
apply in a reasonable fashion.
2.6 SUMMARY OF FIRST YEAR RESEARCH
Results from the first year of research on soil proper-
ties of Arctic silts have been published in the 1984 MIT
research report entitled, "Strength-Deformation Properties
of Harrison Bay Arctic Silts," by Sauls, Germaine, and Ladd.
The scope and results of this research are summarized in
this section. The test program was designed to consider (1)
geology and composition, (2) temperature effects, (3) norma-
lized behavior, (4) anisotropy, and to (5) provide prelimin-
ary estimates of undrained strength. Throughout the program
basic properties such as Atterberg limits, organic content,
and soluble salt content were also evaluated. Boring loca-
tions of the samples tested are shown in Fig. 2-3.
The results of the research on geology have been
discussed in Section 2.2. Mineralogical studies revealed
the presence of illite, chlorite, and smectite. Evidence of
silica cementation was also noted.
Two temperature controlled incremental oedometer tests
were performed. The tests evaluated changes in measured
preconsolidation pressure and consolidation properties via
load-unload cycles performed at 320F and 680F. Conclusions
were that the change in temperature had little effect on the
measured preconsolidation pressure.
Strength testing consisted of one CIUC, one CKOUC and
one CKoUE triaxial tests, three CKoUDSS tests, and two
special DSS tests designed to simulate the loading condition
imposed by ice. All but one of the test specimens were
consolidated into the normally consolidated range. The
CKoUDSS tests showed the following properties for normally
consolidated Harrison Bay Arctic silts:
(1) Reasonable normalized behavior;
(2) Contractive rather than dilative behavior at all
strains;
(3) Significant strain softening.
Anisotropy was also shown to be important for low water
content (wN 30%) Arctic silts as revealed by the following
undrained strength values for different failure modes:
57
cI/o' (OCR=l1)Test Type cu vc
TC (estimated) 0.44
DSS 0.25
TE 0.235
Average 0.31
cu = qf cost' for triaxial tests
CU = Th for DSS tests
The above average value is now considered too high based on
more extensive CKOU testing conducted since the study by
Sauls'et al. Research conducted during the Center's first
year also led to the conclusion that CIUC tests would
seriously overestimate the in situ strength appropriate for
stability analysis.
Table 2-1 BASIC STEPS IN APPLICATION OF THE SHANSEP DESIGN
PROCEDURE FOR ESTIMATING THE INITIAL IN SITU
UNDRAINED STRENGTH PROFILE (FROM LADD, 1984)
1. Subdivide the soil deposit into representative layers based
on boring logs, in situ testing, index properties, etc.
2. Develop the "best estimate" and range in the stress history
profile using a combination of lab consolidation tests to
measure a'p, results from in situ tests (e.g. field vane
and/or piezo-cone penetrometer) and knowledge of the local
geology.
3. Decide what types of laboratory CKoU shear tests best model
the field stress conditions and the range of OCR values for
which normalized soil properties (NSP) are required. (Note:
MIT includes direct simple shear tests in all offshore
programs since they require the least amount of soil and
yield average strengths appropriate for stability analyses).
4. Perform the CKoU test program, first checking that normalized
behavior applies by varying the lab o'vc to in situ a'p
ratio, and then determining the influence of
overconsolidation ratio.
5. Compare the results of Step 4 to data for other deposits of
similar geology and composition and then select the best
estimate and range in the NSP versus OCR relationships.
6.. Apply the NSP -relationships to the in situ stress history.
For example, at any given depth, cu = a'vo x cu/a'vc
corresponding to the OCR = a'p/ T'vo at that depth.
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CHAPTER 3
SAMPLE CHARACTERISTICS AND SCOPE OF EXPERIMENTAL PROGRAM
3.1 BACKGROUND AND OVERVIEW
Figure 2-3 shows selected boring locations (open circles)
from proprietary programs conducted in Harrison Bay, Alaska
during 1982-83 by Harding Lawson Associates and McClelland-EBA,
Inc. (M-EBA). In early January 1984, MIT received its first
undisturbed samples of Arctic silt from two programs conducted
in this area (indicated by the solid symbols in Fig. 2-3).
Seven 3.0 in. diameter tube samples of varying lengths from
three boreholes (1, 3, and 4) on the edge of the Soft Zone Area
were obtained in the summer of 1983 by M-EBA during a ship based
exploration program. Eight 2.5 in. diameter samples from below
Mukluk Island were obtained from Ertec, Inc. during November
1983. These samples came from one borehole and also varied in
length. All samples were stored near 0*C to minimize thermal
disturbance. Sauls et al. (1984) present the results of the
MIT test program conducted on these samples.
The Sohio Petroleum Company sponsored a special program of
undisturbed sampling and in situ testing that was conducted in
April 1984 off the ice approximately 200 ft south of the base
edge of Mukluk Island. It was executed via a contract with The
Earth Technology Corporation. Dr. J.S. Weaver, Sohio's Techni-
cal Representative, played an essential role in developing its
scope and technical details, as well as in obtaining Sohio's
support. Dr. J.T. Germaine of MIT supervised the work in the
field.
From that program, MIT received a shipment of twenty
samples. These were 3 in. diameter tubes 30 in. long obtained
from two borings located 10 ft apart. The Earth Technology
Corp. used a 3.0 in. diameter Acker type fixed piston sampler in
a continuous sampling operation. This method was chosen over
the push method used in the first two test programs in order to
obtain better quality samples.
Figure 3-1 presents soil profiles for borings B2 and B3
from The Earth Technology Corp. program. MIT's twenty samples
totaled about 24 linear ft for each boring. Samples ranged from
a densely stratified low plasticity silt to a more uniform
clayey silt. A small zone of the profile (20-22 ft) was
-partially frozen. Temperature measurements ranged from 28 to
31*F as shown in Fig. 3-1. The three readings between 12 and 18
ft of B2 are believed incorrect as the driller was applying heat
to the casing to prevent freeze-up during this period.
3.2 SCOPE OF MIT TEST PROGRAM
Tables 3-1 and 3-2 summarize (by boring) the tests
performed thus far on each sample for the April 1984 program. A
cross signifies that the test has been completed. Strength and
consolidation tests are further separated by type.
Each sample was radiographed, and classification and index
tests have been run on all of the B2 and B3 samples. The
natural water contents and Torvane strengths were determined
from the ends of each tube. Additional water contents and
Torvane strengths, as well as Atterberg Limits, were obtained
from soil around the engineering tests in each tube. Grain size
analyses have been performed on the lower nine of the B2
samples. A salt content profile and bulk random powder x-ray
diffraction tests were performed on B2 soil. In addition,
detailed mineralogy was performed on three samples. Scanning
electron microscopy was used to observe soil fabric and evaluate
specific particle types. Soil from three depths was sent to two
organizations to measure the 14C dates.
Table 3-3 presents a summary of the consolidation and
strength tests performed at MIT. Twelve conventional
incremental oedometers have been performed at room temperature
on the lower nine samples from boring B2. These tests, which
each included one unload-reload cycle, were conducted to
determine the stress history and compressibility of the deposit.
Of these tests, one was performed at the interface between the
two distinct soil layers (B2-S6) and one in-previously frozen
material (BS-S9).
In addition to the incremental oedometers, five special
consolidation tests were also performed. A temperature
controlled oedometer test measured the sensitivity of the
maximum past (preconsolidation) pressure and compressibility to
ambient temperatures. Two Constant Rate of Strain tests yielded
limited data due to equipment problems. A pair of oedometer
tests were performed in the MIT Lateral Stress Oedometer (LSO)
to measure values of Ko versus the overconsolidation ratio.
Fourteen triaxial tests were performed. Three sets of Ko
75
consolidated-undrained triaxial compression (CKOUC) and triaxial
extension (CKoUE) tests were run on samples reconsolidated into
the normally consolidated range. Two sets used material in the
upper zone and one set was run on the lower material. Two
triaxial tests (CKCU) were anisotropically consolidated using a
simplified consolidation technique - one compression in the
upper zone and one extension in the lower. Four recompression
triaxial tests were performed on soil from varying depths. Two
isotropically-consolidated triaxial compression (CIUC) tests
were also completed on normally consolidated samples.
Finally, thirteen Ko-consolidated-undrained Direct Simple
Shear tests (CKoUDSS) have been completed. Normally consoli-
dated and overconsolidated tests were performed on the upper and
lower material to determine if Arctic silts exhibit the
normalized behavior necessary to obtain strength profiles using
the SHANSEP technique. These tests also provide representative
anisotropic stress-strain properties when combined with the
CKOUC/E test results.
3.3 FIELD PROGRAM
The April 1984 exploration program was conducted about 200
ft south of the rubble edge of Mukluk Island by The Earth
Technology Corporation. The program, sponsored by Sohio
Petroleum and planned by Dr. J.S. Weaver, consisted of seven
soundings: 3 undisturbed sampling holes, 3 piezocone holes, and
one self-boring pressuremeter hole within a 20 ft radius. Two
additional cone penetration test (CPT) soundings were conducted
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under the island. Figure 3-2 presents a detailed plan of the
test area. The following presents an overview of the field
program.
The field program was contracted to The Earth Technology
Corp., who supplied the personnel as well as the cone equipment.
Foundex Exploration, Inc. of Vancouver, Canada was the drilling
subcontractor and provided drilling personnel, a drilling
supervisor, a custom designed HT-700 rotary wash drilling rig
and the sampling equipment. Western Geosystems, also of
Vancouver, supplied the self-boring pressuremeter and personnel
to perform the four tests. Finally, GSL Ltd. of Deadhorse,
Alaska provided the sleds, Rolligon and logistical support. Dr.
J.T. Germaine, Lecturer at MIT, acted as the Sohio represen-
tative to provide supervision, technical assistance and inspect
testing, sampling, and sample handling procedures.
The program was conducted off the ice (about 7-8 ft thick)
with both the drilling rig and engineering lab mounted on sleds.
The sleds were transported and positioned using balloon-tired
tractors (Rolligon). The rig was enclosed by a tent to provide
a tolerable work space. The engineering lab had a controlled
environment and was used to test, photograph and store the
samples. Support equipment included a hydraulic pump to
circulate wash water or drilling mud, an electric generator for
light and two propane torches for heat.
The piezocone penetration soundings were performed using a
60* conical tip with a 15 cm2 area followed by a 200 cm2
friction sleeve. Pore pressures are measured at the mid-point
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of the cone. The test consists of simultaneous and continuous
recordings of the tip resistance, skin friction and pore water
pressure. The temperature and inclination measuring devices
were not operational. Data were recorded using mechanical
recorders. The drill rig provided sufficient reaction for
penetration and the cone rod was supported through the 48 ft
column of water by a triple string casing (HW, HQ and BQ casing)
set to one foot above the mudline to provide adequate lateral
support. The probe was penetrated at 2 cm/sec to the hard,
frozen permafrost at about 25 ft. At approximately five foot
intervals, penetration was terminated to allow dissipation of
excess pore pressures. Prior to each sounding, the pore
pressure sensing system was saturated with a glycol mixture
using Earth Technology's standard procedure.
Four pressuremeter tests were performed at one location,
using a self-boring type similar in form to that developed at
the Cambridge University. During insertion, the instrument
was pushed into the soil on standard cone rods. The rate of
penetration was approximately 2 cm/sec. Drilling mud was pumped
down the rods during the insertion stage. When the probe
reached the desired depth, the penetration was stopped and the
mud pump was turned off. The test was then performed within
minutes by applying gas pressure to the inside of the flexible
membrane of the probe. The radial displacement at three
locations, the total pressure and effective stress were measured
electrically inside the probe. A more detailed procedure can
be found in the Earth Technology report (1984).
High quality 3 inch diameter Acker type fixed piston
samples were obtained at 31 depths in the three boreholes. The
mechanical type sampler was chosen because it provides maximum
control over the sampling process. In addition, the first
sample was taken using an Osterberg-type hydraulic sampler.
However, this device only penetrated 6 inches into the upper
zone material.
The following paragraph describes the sampling sequence.
The sampler was lowered to the bottom of the hole with the
piston locked in place. Once in position, the inner rod was
locked in place on the drill rig. The sampler was advanced
using the hydraulic ram in one continuous 30 inch push in 15 to
30 seconds. After a five minute setup period, the sampler was
rotated for two turns and slowly extracted in an even stroke.
The sampler was then transported quickly to the surface and
turned over to the field engineer for processing. The
processing sequence for each tube as it arrived "on deck" was to
measure the sample temperature with a thermistor probe inserted
2 inches into the soil, measure the total recovery, and label
the sample. Torvane and pocket penetrometer strengths were
measured at three locations at the bottom of the tube and on at
least one location at the top end. The sample was classified
and both ends sealed with O-ring packers. Samples were stored
in the engineering laboratory at about 0*C. The borehole was
next washed over the same 30 inch section by advancing the open
face bit on the end of the casing. Drilling mud was not used.
Two problems were encountered using this method. In the
coarse upper zone materials, the borehole was often advanced
below the casing and a sediment pile was encountered in the
subsequent sample. Conversely, in the more clayey lower zone,
the method did not completely clean out the hole, leaving a
dome-shaped bottom. In either case, sampling was continued in
30 inch intervals. A total of 31 samples were recovered in
three boreholes. While stainless steel Shelby tubes were
specified, only 20 tubes were available. Hence, eleven steel
tubes were used.
All samples recovered from borings B2 and B3 were packed in
ice and transported to MIT. Seven of the eleven samples from
boring Bl were hydraulically extruded in the field and
scientifically described. The cores were split with a chisel,
photographed and observed while still at 0*C. At the end of the
program, these samples were warmed to 100C and again observed
and photographed. The remaining four samples from this boring
were packed in ice arid transported to The Earth Technology
Corporation (Long Beach, California). Subsequently, two of
these samples containing lower zone material were shipped to
Golder Associates in Calgary for special oedometer tests run on
vertical and horizontal specimens.
3.4 SAMPLE CHARACTERISTICS
3.4.1 Radiography and Sample Quality
The MIT samples were radiographed using the procedures and
equipment as described in detail in Sauls et al. (1984).
Approximately 60 radiographs were taken of the 20 tubes over a
period of two weeks. Each tube was x-rayed 10 inches at a time
and then returned to the temperature chamber to minimize thermal
disturbance.
The radiographs show features similar to those from the
1983 EBA and Ertec samples. More importantly, tubes from
comparable depths of the two MP borings (B2 and B3) are
essentially identical. Most of the samples (Sl, S8 and S10
being exceptions) contain well-defined stratification which
varies in intensity and inclination, with the upper material
generally being more layered.
Figures 3-3 and 3-4 present radiographs comparing the
relative intensity of layering in the upper and lower material
and Fig. 3-1 shows a profile of the number of layers per inch as
estimated from radiographs of the B2 samples. Although this
measure is subjective and also depends on the inclination of the
tube, it does convey a sense of the intensity of layering.
Comparison of these data to the average cone profile (Earth
Technology, 1984) indicates that the cone resistance is higher
and more erratic in the more layered zones than where the soil
is more uniform. The soil between 20 and 22.5 ft is intensely
layered and partially frozen while the soil above and below is
more uniform and unfrozen.
Table 3-4 presents a summary of the quantity of soil of
sufficient quality for engineering tests as inferred from
radiographic analysis of samples from the three programs. The
overall quality of the samples returned to MIT was evaluated by
roughly separating the soil into the following three categories:
(1) undisturbed material having intact, well-defined features
and no voids; (2) material disturbed due to sampling, showing
the typical rounding of layers or other explainable features;
and (3) material disturbed due to unknown effects, such as
outgassing, stress relief, in situ distortion, etc. The
information presented in Table 3-4 can be used to compare the
success of the three different sampling devices: 2.5 in. push,
3.0 in. push and 3.0 in. fixed piston.
The most significant finding is the increase in the total
recovery by fixed piston sampling (96%) compared to push
sampling (50%). The fixed piston also reduced the amount of
disturbance attributed to sampling by about one-third compared
to the EBA 3 in. push samples (20 to 26% versus 36%). The
reduction in sample disturbance was even greater compared to the
Ertec 2.5 in. push samples, but the large overburden pressure
due to Mukluk Island was probably a contributing factor. In any
case, the fixed piston technique yielded three times more good
quality soil per tube length than push sampling with little in-
crease in time once the sampling procedures had been worked out.
3.4.2 Index Properties
Figure 3-5 presents natural water content data from the
April 1984 samples. The plot shows a very consistent trend with
depth for the two borings tested at MIT. This is especially
true if more emphasis is placed on results obtained relative to
engineering tests (solid symbols). The open symbols represent
measurements made on soil removed from the ends of each tube,
which is often disturbed. The water content increases from
about 35% at 5 ft to about 55% at 17 ft. This increase is
essentially continuous throughout the depth. Below 17 ft, the
water content decreases with depth to about 45%.
Grain size distributions obtained from hydrometer tests
were performed on B2 and B3 samples taken from the ends of the
tubes and/or from material around the engineering test
specimens. Figure 3-6 shows a compilation of curves from B2 and
B3 samples S2 to S10. The curves tend to fall into two
groupings: samples above 14 ft have mostly silt size particles
with about 15-20% sand size and less than 15% clay size. The
lower layer has finer grained silt fraction and significantly
more clay size (25 to 35%). Figure 3-7 presents the percent of
fine material (minus No. 200 sieve) and the percent clay
fraction. The total fines is about 80% for the entire deposit.
However, the clay fraction increases from 10% near the surface
to 30% around 15 ft and thereafter remains nearly constant.
Also plotted are the coefficient of uniformity (Cu) and
coefficient of curvature (Cc) to numerically illustrate the
differences in the shapes of the curves.
The plasticity chart is presented in Fig. 3-8. In
general, the samples plot slightly below and parallel to the
A-line. This is consistent with previous measurements obtained
on Soft Zone Area samples (Sauls et al., 1984). The plasticity
index is plotted versus depth in Fig. 3-9. The plasticity
index increases from 8% at 5 ft to about 30% at 17 ft with
relatively little scatter. Below 20 ft, the plasticity index
reduces to less than 20%. Figure 3-9 also shows the variation
in Activity. The values range from 0.5 to 1.35. There appears
to be a decreasing trend with depth, with significant scatter in
the upper layer.
The plasticity index is plotted against the percent clay
fraction [percent of the soil particles smaller than 2 micron
(%-2p) size] in Fig. 3-10 for samples from borings B2 and B3.
The data are separated into upper and lower layer material. The
average slope, known as the Activity = Ip/-2 y, of the upper
material is 1.1 and the slope of the lower material is 0.77.
The scatter in both zones are about the same. Consideration of
both layers leads to Ip = 6.4 + 0.6(%-2p) with r = 0.86. This
figure also shows that the lower layer has a higher clay content
and is more plastic than the upper layer. This result is
verified in Fig. 3-9.
3.4.3 Strength Index
The Torvane strength data are plotted in Fig. 3-5. Most
of the lower limit scatter (open symbols) are from tests
performed in the field on the ends of the tubes. This material
is likely to be disturbed due to sampling. A more consistent
profile is obtained by measurements performed next to the
engineering tests (indicated by the solid symbols).
From the engineering test results, it can be seen that the
data in the upper 6.ft are scattered and tend to increase
slightly with depth. From 6 ft to 20 ft, the strength decreases
monotonically. Between 20 and 25 ft, the data are very
scattered. This is partially due to the frozen layer between 22
and 24 ft.
3.4.4 Salt Concentration and Organic Matter
Figure 3-11 presents the pore water salt concentration (g/t
NaCl) variation with depth for the B2 samples taken during the
April 1984 program. The determinations were made according to
the procedure developed by Martin (1970) and are calibrated with
respect to NaCl. The profile generally shows a decrease in salt
concentration from 45 g/t at the surface to about 25 g/L at 25
ft. A more specific description would be that the upper 5 to 8
ft are salt rich (above 35 g/t); the intermediate zone is at the
concentration of sea water; and the lower zone is salt depleted.
The very low value (14 g/1) at 22.5 ft was obtained in the
material which was frozen at the time of sampling. The upper
layer result is consistent with speculation that the surface
material became desiccated after deposition. The low salt
concentration at 22.5 ft explains why that sample was frozen.
However, the question remains as to what caused the much lower
salt concentration.
Figure 3-11 also shows the percent by weight of organic
matter versus depth for these same samples. The organic matter
determinations by MIT were obtained on air dried samples using
the modified Walkley-Black procedure (Allison, 1965). This
measures readily oxidizable organic matter typically found in
peat and in agricultural soil. Materials such as carbonate
shells and siliceous diatoms are not measured as organic matter.
The organic matter is fairly uniform with depth, with the
exception of a permafrost sample from Bl-Sll, and equals 3.4% ±
0.7 SD.
3.4.5 Mineralogy
Mineralogical analyses were performed by Dr. R.T. Martin of
MIT on twelve samples using x-ray diffraction (XRD) of random
powder and of oriented aggregates for specimens from three soil
samples as identified in Table 3-5. A random powder specimen of
the soil is exposed to x-rays and the resulting diffraction
peaks are identified. This provides a qualitative
identification of the crystalline phases present in the soil.
Random powder XRD traces on whole soil specimens ground so
that 100% passes a 44 um sieve indicated that quartz, clay and
feldspar were the dominant crystalline phases. Table 3-5
presents the variation between samples for the phases detected
in the XRD data. The ratio of peak amplitude for unknown to
reference on a specific XRD peak times 100 is by definition the
relative peak amplitude. The relative peak amplitude provides a
parameter for comparison between samples within a given sample
suite. The peak relative amplitude is not a quantitative
indication for the amount of a specific mineral phase. Samples
with higher clay and lower quartz relative peak amplitudes
suggest clay layers.
Table 3-5 shows that the composition of the samples are
fairly consistent with the trend exhibited by the grain size
distribution presented in Section 3.4.2. The relative amount of
total clay, except for some scatter, tends to show a slight
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increase with depth. Exceptions are Sample B2S9 FR-1, which was
in a previously frozen layer in the lower zone, and the
permafrost sample collected from Bl-Sll at a depth of about 26
ft below the mudline. A more detailed analysis on the plus
10 Pm fraction of three samples showed that the clay content was
still quite high.
Carbonate minerals detected by XRD were confirmed by
observed effervescence with strong acid. Based on sample
effervescence when treated with concentrated HCl, carbonates
were present in all samples except B2S9 FR-i and B2S10-2, which
substantiates the XRD data given in Table 3-5.
Scanning electron microscopy was performed to observe soil
fabric and evaluate specific particle types. A more detailed
summary of the mineralogical analyses can be found in the Third
Technical Progress Report to Sohio by Germaine et al. (1985).
The clay species present in all samples are illite,
chlorite, and smectite. These species agree with the minera-
logical analyses-previously reported (Carsola, 1954; Carroll,
1970; Furbringer and Walker, 1973; Naidu and Mowatt, 1974; Sauls
et al., 1984). The clay minerals of the samples are similar to
the sediments transported by the Colville River (Naidu and
Mowatt, 1974; Barnes and Reimintz, 1974). The Colville River's
drainage basin provides the majority of sediments deposited in
Harrison Bay. This area includes portions of the Brooks Range,
Arctic Foothills, and Arctic Coastal Provinces.
3.5 STRESS HISTORY
Twelve conventional one-dimensional consolidation tests
were performed at room temperature on nine of the ten B2
samples. Additional one-dimensional compression curves are
available from the following: (1) the consolidation phase of
the Direct Simple Shear tests; (2) two MIT Lateral Stress
Oedometer tests; (3) two Constant Rate of Strain tests; (4) one
oedometer test to measure the effect of temperature; and (5)
oedometer tests performed by Golder Associates (1984). One main
purpose of these consolidation tests was to determine the stress
history profile of the deposit to be used to develop undrained
strengths on the basis of the SHANSEP methodology.
Figure 3-12 presents the stress history (vertical effective
stress and preconsolidation pressures) at the Mukluk Proximal
site. The in situ overburden stress, a'vo, versus depth profile
was calculated based on measured total unit weights, yt, and a
hydrostatic salt water profile. A plot of the measured total
unit weight, yt, versus depth is shown in Fig. 3-13 from the
direct simple shear and oedometer samples. The data show a
steady decrease from 1.9 g/cm3 at 5 ft to 1.65 g/cm 3 at 16 ft.
Below 16 ft, the total unit weight increases to 1.8 g/cm 3 at the
bottom of the deposit. This trend is obviously related to the
water content, i.e. an increase in water content leads to a
decrease in unit weight. Vertical effective stresses, using -the
unit weights from Fig. 3-13 and a hydrostatic pore pressure
computed using Yw = 1.03 g/cm 3 for salt water, are presented
below:
Depth (ft) yt (g/cm3) Yb (g/cm 3 ) o'yo (kg/cm2 )
5 1.90 0.87 0.151
10 1.78 0.75 0.277
15 1.67 0.64 0.379
20 1.71 0.68 0.475
25 1.81 0.78 0.590
30 1.91 0.88 0.725
The preconsolidation pressures in Fig. 3-12 were estimated
using the Casagrande technique. These data show the deposit as
two distinct layers, separated by a transition zone from about
11 to 14 ft. The upper layer is heavily overconsolidated and
has an almost constant preconsolidation pressure. Below 14 ft,
the deposit is slightly overconsolidated, with an average pre-
consolidation pressure of about 1.5 kg/cm 2 . The layer between
22 and 23 ft was frozen at the time of sampling and perhaps
yields a higher preconsolidation pressure.
In general, the quality of the consolidation tests was
excellent. Figure 3-14 presents two compression curves. One of
the curves is typical of the upper 14 ft of the deposit and is
characterized by a gradual increase in compressibility with
increased stress (concave downward). For this type of curve,
the preconsolidation pressure is not well-defined. In contrast,
the second curve for a lower material test yields a well-defined
virgin compression ratio and preconsolidation pressure.
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3.6 DATING
As discussed in Chapter 2, considerable ambiguity
exists concerning the geology of near surface sediments in
Harrison Bay. The recommendation was made in the Center's
first Technical Progress Report on Engineering Properties of
Arctic Silts that dating of the soils be pursued to provide
additional clues to the geologic origin of these materials.
Radiocarbon analysis (14C) is one of the methods most
frequently used to date samples containing organic matter.
Analysis of MIT's samples indicated they contained less than
5% by weight of oxidizable organic matter (see Section
3.4.4). At this level of organic matter, conventional
radiocarbon analysis techniques would require very large
quantities of material. Since the Center's priority for the
undisturbed samples is for use in engineering tests, large
quantities were unavailable for the purpose of dating.
Specialized methods were investigated for dating of small
sample sizes, and as a result two independent facilities,
Beta Analytic Inc. and the University of Arizona, were
contracted to perform 14C dating of Arctic silt.
Beta Analytic Inc. of Coral Gables, Florida was
requested to conduct 14C dating on three samples, one each
of upper, lower, and transition layer material. Where
possible, rootlets were used for the analysis. Sample
- preparation involved pretreatment with hot acid to decompose
the carbonates and allow removal of carbon dioxide. The
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samples were then rinsed to neutrality, dried, and subjected
to multiple combustions in an enclosed system. Radiocarbon
dating was then performed using the benzene synthesis
method. Decay counting time was extended to four times the
normal period due to the small sample size. The results
obtained are as follows:
DEPTH BELOW
MUDLINE 11C AGE
SAMPLE ZONE (ft) (Years BP)
B2-S4 Upper 8.5 12,850 ± 170
B2-S6 Transition 13.5 10,490 ± 170
B2-S8 Lower 19.5 18,250 ± 270
The dates are expressed as radiocarbon years before
1950 A.D. The quoted errors represent one standard
deviation based on the random nature of the radiocarbon
disintegration process. The radiocarbon age is determined
by the time at which the organic material ceased growing,
therefore the dates probably represent maximum sediment
age.
The University of Arizona in Tucson was also sent
samples for radiocarbon dating using their AMS (accelerator
mass spectrometry) facility. Accelerator or high energy
mass spectrometry (AMS/HEMS) involves acceleration of
ionized particles enabling direct measurement of 14C to be
made on an atomic level. Conventional 14C techniques
utilize decay counting of carbon in liquid or gas form. The
AMS technique, developed during the 1970's, has radically
changed the scope of radiocarbon dating by allowing analysis
on as little as 500 pg of carbon to be made in a matter of
hours (Taylor et al., 1984).
Currently AMS facilities are in operation at the
University of Arizona and at ETH (Eidgenoessische Technische
Hochschule) in Zurich. The University of Arizona was
approached and agreed to perform dating on two samples. The
samples were pretreated in solutions of warm acid and then
dried. The dried samples were combusted and the CO2 formed
was purified and reduced to graphite over a catalyst. The
graphite was then pressed into a 1 mm target for accelerator
mass spectrometry. Visual inspection of the samples did not
reveal any rootlets and thus the analysis was done on bulk
material. The results are as follows:
DEPTH BELOW f A
MUDLINE 14C AGE
SAMPLE ZONE (ft) (Years BP)
B2-S4 Upper 8.5 13,080 ± 160
B2-S8 Lower 19.5 22,120 ± 320
Dates and errors are expressed in the same manner as for the
Beta Analytic samples.
Several other methods of dating the sediments were also
investigated. Dating based on oxygen isotropes (6018) was
considered. However, because the sediments are relatively
shallow, strong local signals would interfere with the
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proper application of this technique (Matthews, 1984).
There is also a lack of known nearby stratigraphy to compare
results for absolute dating. Amino acid dating, which is
based on changes in proteins in shells, was eliminated since
maximum resolution by this method is around 10,000 years.
Paleontology and pollen analysis of the samples is currently
being carried out by the Bedford Institute of Oceanography,
but results are not available at this time.
TABLE 3-1 LOCATION, TYPE AND PRINCIPAL TESTS ON SAMPLES FROM MUKLUK PROXIMAL (1984): B2
INDEX & COMPOSITIONAL ENGINEERING
DEPTH BELOW SAMPLE DESCRIPTION FROM RADIOGRAPH TOTAL AMOUNT 3SAMPLE MUDLINE (USCS, TEMP) RECOVERY AVAILABLE wv TV AL SG GS ORG SALT MIN DAT CONSOL STRENGTH
__________________ ____________(in.) (in.)
BORING B2 _____________ 
________BORIG 02BLACK SOFT SANDY SILT (TOP) FAIRLY UNIFORM
Si 010"-283" DARK GRAY CLAYEY SILT (8OT) WITH SECTIONS OF 27 20 X X X X BRPI
:(Ni 1 28.30 F) CHANGING DENSITY ____ ____
S2 216"-49110 DARK GRAY SILT HEAVILY STRIATED 29 22 X X X X X X BRP X CK 0UC/E
_________(ML,, 28.S*F) 
________ *~1-DS
S3 5,0"-7'5* DARK GRAY SILT STRIATIONS 29 22 X X X X X X BRP DSS(2)
(ML, 20.46F) 
DS
x DSS
S4 7'6"-9'10.5" GRAY BLACK CLAYEY SILT UNIFORM 28.5 26 X X X X X x X X LSO CIUC
(MHi, 28.40F) STRIATIONS CRSC CK0U
GRAY CLAYEY SILT CKcUC
Ss 10 0"-12'5" (Mit, 30.4*F) STRIATIONS 29 17 X X X X X X BRPl X CKOUC
I_ - SEN
2  
_CKpUE
S6 12@6"-14#0* GRAY BLACK CLAYEY SILT STRIATIONS W/ 28 26 X X X X X X X X (2) DSS(4)
_______________ (Nil, 28.6*r) VERTICAL "CRACKS 0  ____ CRSC ____
GRAY CLAYEY SILT SLIGHT X(2)
S7 1S'0"-17 2" (Mil, 32.1*F) DISTURBANCE 26 5 X X X X X X BRP1  TEMP CIUC
SEM LSO CK UC
8 17'6"-19'11" GRAY CLAYEY SILT HIGHLY DISTURBED 29 0 X X X X X X X X
(Nil, 20.9-F)
GRAY CLAYEY SILT STRIATIONS W/ 
-
S9 20'00-22'6" (MIt, 29.0*F) VERTICAL "CRACKS" 30 13 x X X X X X BRP X(2) DSS
___________________(BOTTOM 070 FROZEN) _____________ ____
GRAY CLAYEY SILT UNIFORM W/ SOME
S10 22'6"-24'11" (Nil, 28.7*F) DISTURBANCE 29 13 X X X X X X BRP X DSS
L____ I _ __ __ _ I"ICE" FEATURES(?) I- I I CKr.UC/E
BRP - Bulk Random Powder
SEM - Scanning Electron Microscopy
DAT - Dating
TABLE 3-2 LOCATION, TYPE AND PRINCIPAL TESTS ON SAMPLES FROM MUKLUK PROXIMAL (1904). 13
INDEX S COMPOSITIONAL ENGINEERING
DEPTH BELOW SAMPLE DESCRIPTION FROM RADIOGRAPH TOTAL AOUNT -
SAMPLE MUDLINE (USCS, TEMP) RECOVERY AVAILABLE vn TV AL SG GS ORG SALT NIM DAT CONSOL STRENGTH
________ ________ ______________________________(in.) (in.) _
BORINGB3 
1_____
111 00"-296 GRAY GREEN SILT FAIRLY UNIFORM 29.5 17 X X
(--t 28.6"F)
S2 206"-480 GRAY GREEN SILT UNIFORM 26 22 X X
________________(-,28.99r) STRIATIONS
S3 5 0"-76- DARK GRAY SILT STRIATIONS 30 26 X X
__________ _________ -- , 28*33F)
S4 7,6"-9'9* GRAY SILT STRIATIONS 27 17 i X X X CK iC
(--t 28.70F) IC
S5 10'0"-12'60 GREEN-GRAY CLAYEY SILT STRIATIONS N/ 30 1t X X
(--, 20.5*F) DISTURBANCE
86 12'6"-1510m GREEN-GRAY CLAYEY SILT STRIATIONS W/ 30 10 X X X X CKcIK /E
(-,28.6Fr) DISTURBANCE 
DSS
57 15'0"-17'6* GRAY CLAYEY SILT UNIFORM W/ 30 9 X X X X CKcIJE
_______ ______ _-,... 29.70F) DISTURBANCE CKnUE
so 17'6"-19'9 GRAY-GREEN CLAYEY SILT SOME UNIFORM 27 9 X X
(--, 29.4*F) SOME STRIATED
__________ __________DISTURBANCE ____
GREEN GRAY SILT STRIATIONS WITH
59 20'0"-22 FROZEN VERTICAL"CRACKS" 30 Is x X
(...., 28.6*F) DISTURBANCE
SOME UNIFORM
810 22'6"-24'1 1 GRAY CLAYKY SILT SOME STRIATIONS 29 17 x X(MN, 29.1*F) DISTURBANCE
* ICE" FEATURES
TABLE 3-3 SCOPE OF CONSOLIDATION AND CU SHEAR TESTING PROGRAM ON SAMPLES FROM MUKLUK PROXIMAL (1984)
All stresses in kg/cm2
CU SHEAR TESTING( 2 )
CONSOLIDATION") SHANSEP CK U
LAYER 0 RECOMPRESSION NC NC
(3)
STD TEMP NC OC CKCU CKCU CliU
OED CRSC OED K0 CELL
DEPTH TEST 0 vc DEPTH TEST OCR DEPT TEST @Vc DEPTH TEST Qvc DEPTH TEST Ovc
3.4 TC/E 0.2
4.7
5.5 5.7 DSS 8.0
5.8 085 8.0
8.0 8.2 DSS 8.0
8.4 TE 8.0
8.8 TC 8.0
UPPER 9.7 9.5 9.6 TC 0.2 9.3 TC 8.0
10.5 10.7 TE 5.0
11.0 TC 5.0 11.4 TC 5.1
12.9 DSS 5.0 13.0 DSS 8.0
13.2 DSS 8.0 13.1 DSS 4.0
TRANSITION 13.5 13.3 14.2 TC/E 0.4
14.6
15.5
16.0 16.3 16.2 16.0 DSS 4.0 16.1 DSS 2.0
16.3 DSS 2.0 16.2 DSS 3.75
16.8 TE 2.5 16.7 TC 2.5
17.0 TC 2.5 17.1 TE 2.4
LOER
19.3
20.8 21.0 DSS 4.0
22.3 23.5 DSS 4.0
23.6 24.0 TC/E 0.7
(1) DEPTH (ft) of test specimen
(2) DSS - Direct Simple Shear
TC/TE - Triaxial Compression/Extension
(3) CKcUs Kc * I to 01h., then increase u've
NC - Normally Consolidated
OC - Overconsolidated
SUMMARY OF MIT SAMPLES
I Amount determined from field logs
2 Amount determined from x-rays
3 Amount of soil
4 Percentage of total
TABLE 3-4 EVALUATION OF SAMPLE QUALITY BASED ON RADIOGRAPHY
FOR SOFT ZONE AREA ARCTIC SILTS
HIGH
BORINGS TOTAL1  QUALITY DISTURBED SOIL RECOVERY
SAMPLE SOIL2  SAMPLING UNKNOWN PER TUBE
83SHB S1 107" 51a 3 39" 17" 15.3"
P S3 (8.9') 47.7%4 36.4% 15.9% 51.0%
U S4 52.3%
S
H 58" 13"
MC 7 113" 42" 51.3% 11.5% 14.1"
(9.4') 37.2% 62.8% 47.0%
57" 36"
F B2 285" 164" 20.0% 12.7% 28.5"
I (23.8') 57.6% 32.7% 95.0%
X
E B3 75" 19
D 289" 160" 26.0% 6.6 28.9"
(24.1') 55.4% 32.6% 96.0%
TABLE 0 0
TABL.E 3-5 SLtMMARY OF XRD RANiDOM PGIDER DATA
Sample examined in detail.
Sample from 01-811 (frozen)
Plus 10 pm fraction.
Relative Peak Amplitude
Depth Ip Clay ______
(ft) (s) Size
Sample (M) Total Clay Qusartz Feldspar Calcite Dolomite
82-SI 2.2 -- -- 26 26 7 10 5
82-82-1 (OED) 4.7 8.2 10 18 25 8 2 2
82-83 7.3 12.9 14 26 26 9 -
82-S4-3 (TRI)1  9.5 13.8 Is 36 (26) 23 (31) 7 (7) 1
SS-1 (TRI) 11.1 22.1 -- 44 17 6 - 1
82-S6 IF-1 (OED)1  13.5 -- -- 40 (26) 20 (29) a (9) - 2
82-$6-4 (OED) 14.6 21.5 23 33 17 6 2 3
82-S7-1 (TRI) 16.5 32.4 43 33 16 5 1 1
02-Se 1 19.3 -- 37 44 (24) 14 (32) 5 (9) - 1
62-S9 FR-I (OED) 22.3 -- 2.4 26 24 8 - -
82-810-2 (OED) 23.6 16.5 31 38 21 8 - -
Permafrost 2 -26.0 -- -- 14 35 7 6 3
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CHAPTER 4
CONSOLIDATION TEST PROGRAM
Details concerning the consolidation test program can
be found in Yin (1985). An overview is presented here.
Seventeen one-dimensional consolidation tests were
performed at MIT to determine the stress history and the
compressibility-consolidation characteristics of Harrison
Bay Arctic Silts. These included the following types of
tests:
(1) Twelve standard incremental oedometers performed at
room temperature on nine of the ten B2 samples.
(2) One temperature controlled oedometer test on sample B2-
S7 to measure the sensitivity of the maximum past (pre-
consolidation) pressure and compressibility to ambient
temperatures;
(3) Two Constant Rate of Strain tests on Samples B2-S4 and
S6 which yielded limited data due to equipment
problems; and
(4) Two incremental oedometer tests on Samples B2-S4 and S7
using the MIT Lateral Stress Oedometer (LSO) to measure
values of Ko versus overconsolidation ratio.
Results from the consolidation phase of Ko consolidated-
undrained direct simple shear (CKoUDSS) tests performed on
samples from B2 and B3 were also included in the evaluation
of stress history.
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Tables 4-1 to 4-3 summarize the test data. The
following results were obtained:
(1) One temperature controlled oedometer test on a high
water content lower layer material indicated that tests
at room temperature lead to preconsolidation pressures
about 13% lower than at the in situ temperature (0*C).
Based on results from Sauls et al. (1984), temperature
probably has a negligible effect on preconsolidation
pressure within the more silty upper layer material.
(2) Oedometer tests and the consolidation phase of DSS
tests performed to determine the stress history of the
deposit show the deposit as two distinct layers,
separated at about 14 ft (Fig. 3-12). Within the
heavily overconsolidated upper layer, the preconsoli-
dation pressure is scattered but essentially constant
with depth (4.0 kg/cm 2 ± 0.4 SD). Temperature-corrected
preconsolidation pressure data (neglecting the pre-
viously frozen soil) in the lower layer indicate a
slight increase with depth that can be represented by
o'p(kg/cm2 ) = 1.14 + 0.022z (ft). This line corres-
ponds to OCR = 3.7 ± 0.2.
(3) The Rectangular Hyperbola Fitting Method (Sridharan and
Rao, 1981) was considered as a possible method for
determining the end of primary consolidation and cv
values for the upper layer material because of problems
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encountered using conventional time curves. This method
was deemed unsatisfactory since it overestimated the
compression at the end of primary consolidation by about
50% compared to conventional methods on lower layer soil
that had well-defined time curves. The cv values
obtained were also much too low compared to the
Casagrande and Taylor methods.
(4) The Strain Energy Method (Crooks and Graham, 1976)
produced reasonable estimates of preconsolidation
pressure when compared to estimates by the Casagrande
technique. However, this approach gave questionable
results when used to estimate the in situ vertical and
horizontal stresses as proposed by Golder Associates
(1984).
(5) The coefficient of earth pressure at rest, Ko, was
obtained from Lateral Stress Oedometer and Ko-consoli-
dated triaxial tests. The Ko for normally consolidated
soil in the upper layer is 0.56 ± 0.05 SD and 0.59 ± 0.05
SD in the lower material. The Ko and n values [Ko(OC)/Ko
(NC) = OCRn] are consistent with data on cohesive soils
summarized by Mayne and Kulhawy (1982). Ko values from
the triaxial tests plot near to significantly above the
Jaky (1944) expression, Ko = (1-sint') ± 0.05 SD.
TABLE 4-1 SUMMARY OF CONSOLIDATION TEST DATA ON MUKLUK PROXIMAL ARCTIC SILTS
All stresses in kg/cm2
ev(s) at VIRGIN
TEST NO. WL Up COMPUTED CRemarks
DEPTH vST p SR C
(ft) Ip(4 L OCR ae (10-3cm2/sec) (1)
OED-B2S2-1 33.7 25.5 0.143 0.2 (3)
31.0 . 4.3 t 1.1 0.073 0.005 0.013 - 0.18 t
4.7 8.2 67 30.1 4.2 0.08
OED-B2S3-2 40.7 27.8 0.165 0.1 (3)
30.1 3.2 t 1.0 0.100 0.011 0.022 - 0.30 t
5.5 12.9 18 19.4 4.4 0.11
LSO-B284Ko-5 48.7 26.3 0.266 1.6 (3)
41.7 3.7 t 0.8 0.143 0.018 0.027 - 0.24 t T=10*C
9.5 22.4 69 13.9 6.6 0.12
OED-82S4-3 48.5 35.6 0.270 1.2 (3,4)
37.1 4.1 t 1.2 0.154 0.017 0.019 11.1 t 4.8 0.44 t
9.7 12.9 12 15.2 7.2 0.16
OED-B285-1 47.5 29.1 0.289 2.0 (3)
35.1 4.1 -t 0.8 0.157 0.012 0.018 - 0.40 t
10.5 18.4 33 14.2 7.9 0.17
OED-B2S6IF-1 - - 0.351 1.4 (3,4)
48.7 2.7 t 0.3 0.195 0.018 0.027 11.3 t 7.3 0.58 t Interface
13.5 - - 7.7 7.4 0.21
OED-B2S6-4 56.6 35.1 0.372 1.4
48.9 1.2 t 0.2 0.173 0.029 0.037 4.9 t 2.6 0.64 t
14.6 21.5 64 3.2 5.1 0.21
OED-B2S7-3 - - 0.398 3.5
49.5 1.3 t 0.3 0.198 0.030 0.037 2.4 t 0.6 0.71 t
15.5 - - 3.3 8.1 0.17
090-82S7-2 60.5 32.5 0.399 4.0
47.4 0.8 t 0.1 0.202 0.027 0.042 2.3 t 1.3 0.68 t
16.0 28.0 53 2.0 6.9 0.23
LSO-B2S7Ko-5 - - 0.400 3.0
49.3 1.2 t 0.1 0.214 0.032 0.043 2.6 t 1.0 0.76 t T-10*C
16.2 - - 3.0 6.6 0.13
OED-82S7TC-1 66.3 - 31.3 0.402 1.5 0.205 (0.027) (3.5)2.5 (1.37)- T- 0*C
52.1 (1.7)2 0.199 0.025 (0.043)2 -- 6 0.63 20*C
16.3 35.0 59 4.2 5.6 t 0.2 (0.154) -- 6 (0.54) 0*C
OED-B2S8-3 - - 0.461 6.0 Slightly
51.8 0.9 t 0.1 0.200 0.031 0.048 3.6 t 3.5 1.13 t disturbed
19.3 - - 2.0 8.5 0.35
O0D-8259-1 52.5 31.8 0.492 2.5
46.8 1.4 t 0.1 0.188 0.019 0.033 8.5 t 4.4 0.57 t
20.8 20.7 72 2.6 5.6 0.16
OED-B259FR-l 40.6 28.2 0.525 1.7 initially
38.4 2.1 t 0.2 0.120 0.010 0.013 5.0 t 3.4 0.32 t Frozen
22.3 12.4 8.2 4.0 4.6 ____ ___ 0.10
OED-B2S10-2 44.9 28.4 0.555 4.4
42.4 1.1 t 0.1 0.160 0.022 0.034 5.0 t 3.4 0.66 t
23.6 16.5 85 2.0 6.5 0.18
All tests run at room temperature unless otherwise noted.
(1) Based on hydrostatic pore pressure
(2) (x.x) at 0*C.
(3) Time curves did not break, hence no Cv data.
(4) C data where available since some time curves did not break
(5) For ovc' - 2.3 to 4.0 ksc at 0*C
(6) Data not reliable for small LIR
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TABLE 4-2 SUMMARY OF CONSOLIDATION DATA ON MUKLUK PROXIMAL ARCTIC SILTS
FROM CKOUDSS TESTS
All stresses in kg/cm2
*1 ' (1) I 'I,
TEST DEPTH WN Ovo Cv @ vo 0p Cv @ p Ivc(ft) (%) (%) (%) max
B2S3-1
B253-2
B2S4-1
B2S6-1
B2S6-2
B2S6-3
B256-4
B3S7-1
B3S7-2
B3S7-3
B3S7-4
B2S9-1
B2S10-1
5.7
5.8
8.2
13.2
13.1
13.0
12.9
16.0
16.1
16.2
16.3
21.0
23.5
36.3
33.5
39.3
41.2
44.9
41.8
49.9
52.6
55.2
52.1
52.1
45.2
49.9
0.170
0.173
0.235
0.346
0.344
0.342
0.340
0.397
0.399
0.400
0.402
0.497
0.553
-- (2)
1.0
1.9
1.5
2.0
1.1
2.0
2.9
3.5
3.2
3.1
2.7
3.4
4.6 & 1.0
4.0 ± 1.0
3.6 ± 0.7
2.8 ± 0.3
2.5 t 0.3
2.8 t 0.3
2.1 t 0.2
1.3 ± 0.1
1.7 ± 0.1
1.6 ± 0.1
1.1 ± 0.1
1.9 ± 0.1
1.3 ± 0.1
5.5
5.7
8.7
7.3
7.5
6.1
8.4
7.0
9.1
8.5
6.4
6.2
7.0
8.0
8.0
8.0
8.0
8.0
8.0
5.0
4.0
4.0
4.0
2.0
4.0
4.0
(1) Estimated since initial increment a 0 + 0.25 ksc
(2) Seating problems
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TABLE 4-3 SUMMARY OF NORMALLY CONSOLIDATED Ko TEST DATA
MUKLUK PROXIMAL ARCTIC SILTS
TEST WL WN F a K
DEPTH K #'
(ft) IP (M) IL 1vc 0NC(ksc) (ksc)
LSO
LSO-B2S7Ko 60.5 32.5 0.40 2.5
16.2 49.3 1.2 ± 0.1 to 0.59 ± 0.01 --
LOWER 28.0 53 8.0
TRIAXIAL Ko-CONSOLIDATED
CKOUE-04 46.5 33.7 0.24
8.4 34.5 8.0 0.52 30.6
UPPER 12.8 6.3 3.4
CKOUC-03 33.0 46.8 0.25
8.8 37.0 . 8.0 0.59 35.4
UPPER 13.8 40.8 3.3
CKOUE-06 47.7 31.6 0.29
10.7 39.9 5.0 0.61 26.4
UPPER 16.1 51.6 2.3
CKOUC-05 54.5 32.7 0.30
11.0 43.8 5.0 0.53 31.6
UPPER 21.8 50.9 2.3
CKOUE-08 69.3 36.7 0.41
16.8 56.4 2.5 0.65 42.1
LOWER 32.4 60.3 1.3
CKOUC-07 67.1 37.6 0.41
17.0 65.7 2.5 0.56 34.6
LOWER 29.5 95.2 0.7
FOR
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CHAPTER 5
TRIAXIAL TEST PROGRAM
5.1 SCOPE AND OBJECTIVES
Fourteen consolidated-undrained triaxial tests were
conducted during the Center's second year of activity on
samples from the Mukluk Proximal borings taken during April,
1984 in Harrison Bay. Special consideration was given to
sample choice to ensure that data on both upper layer (low
water content) and lower layer (high water content)
materials would be obtained. The following describes the
different types and purposes of the tests. These were all
run on specimens reconsolidated well beyond the in situ
preconsolidation pressure unless otherwise stated.
(1) Two isotropically consolidated-undrained triaxial
compression (CIUC) tests were carried
out. These were done both to compare isotropic
versus anisotropic consolidation and to allow
comparison with data from test programs conducted
previously by geotechnical consultants on Arctic
silts.
(2) One-dimensional (Ko) consolidated-undrained
triaxial tests were performed to develop a better
understanding of the undrained strength-
deformation properties of Arctic silts. Four
samples were sheared in compression (CKoUC tests)
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and four in extension (CKOUE tests).
(3) Two anisotropically consolidated triaxial tests
were conducted, one in compression (CKcUC) and one
in extension (CKcUE), using a simplified consoli-
dation procedure to attain the final desired
anisotropic stress state. These simplified tests
require significantly less time to complete than
CKOU tests, and were performed to allow evaluation
of the differences in results between the two
procedures.
(4) Four consolidated-undrained Recompression tests
involved consolidation of samples to their
estimated in situ vertical effective stress
followed by shearing. One of the four tests was
sheared in compression (also called CKcUC), while
the others where sheared in compression followed
by extension (CKcUC/E).
Three additional consolidated-undrained triaxial tests were
performed during the first year of the test program on
samples taken from beneath Mukluk Island and at the edge of
the Soft Zone Area. Results from these tests are reported
in Sauls et al. (1984). Two of these tests, those on
samples MC7-15, have been included in this analysis and
discussion of undrained triaxial behavior as they are
viewed as part of the same deposit underlying the Mukluk
Proximal site.
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Tables 5-1 and 5-2 provide a summary of the data
obtained from triaxial testing. This chapter presents and
discusses the results from these tests. Tabulated data and
a detailed description of the test equipment are given in
Appendix B.
5.2 TEST EQUIPMENT AND PROCEDURES
The triaxial tests were performed in triaxial cells
manufactured by Wykeham Farrance and extensively modified at
MIT to better suit research needs. Figure 5-1 shows one of
the cells with a sample. This modified unit allows the soil
specimen to be completely assembled and the top cap and
piston to be fixed in place before adding the outside cell
chamber. The top cap is fixed to the cell's piston to
facilitate sample set up and reduce disturbance. A rigid
system for measuring pore pressures has been designed by
fitting a pressure transducer to the cell base. Friction
forces are reduced by the placement of linear ball bearings
around the piston. A frictionless rolling diaphragm
provides an impermeable seal between the piston and cell
chamber. Drainage lines are connected to both the top cap
and bottom pedestal to allow for double drainage conditions
during consolidation.
Vertical displacements are measured using a direct
current displacement transducer. Cell pressure and back
pressure are monitored by a common pressure transducer.
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This minimizes the error in determining effective stress, a
small difference between two large pressures. A double
burette system of water and silicon oil is used to measure
volume changes. Back pressure and cell pressure are applied
using mercury pot systems. The vertical consolidation
stress is controlled by loading weights onto a hanger
connected to the piston. A load cell is used to monitor
forces during shear under constant strain rate.
Triaxial samples tested were high quality specimens
chosen based on radiographic records of the available tube
samples. Approximately four inches of each three inch
diameter tube was extruded per sample. When necessary tubes
were cut prior to extrusion using a band saw. Each sample
was trimmed in a humid room using a wire saw and mitre box
to final dimension of 1.4 inches in diameter and 3 inches in
length. Measurements of area were made at the start and
finish of testing using a i tape.
The trimmed sample was placed on the saturated base
pedestal with filter paper and a porous stone covering both
ends. In the triaxial compression tests eight vertical
filter strips 1/4 in. in diameter were added to the outside
of the sample to increase the rate of consolidation. The
extension tests each used four 1/4 in.. filter strips which
were spiralled around the sample, so as to allow the strips
to stretch without tearing during the shearing process. In
the Recompression tests, however, filter strips were not
used as consolidation was minor. Two prophylactics were
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used as thin membrane coverings on each sample, and these
were sealed in place using rubber 0-rings. Cell water was
added and a cell pressure of 0.2 kg/cm 2 was immediately
applied with the piston locked in place. Drainage lines
were kept closed, and the pore pressure was monitored. If
negative pore pressure developed, the cell pressure was
increased with the piston locked in place. The sample was
left in this state overnight, after which backpressure was
applied equivalent to the pore pressure which had
developed.
Testing proceeded in three stages: backpressuring,
consolidation, and shearing. Backpressuring commenced no
sooner than 24 hours after the sample was set up.
Samples were slowly backpressured in increments of 0.2
kg/cm 2 or less to a final value of 2.0 kg/cm 2 . During this
process effective stress was maintained at the level
developed by the sample' prior to backpressuring. Manual
adjustments to the piston position were made to prevent
vertical displacements caused by the increase in cell
pressure. Once the uplift force of the cell pressure acting
on the piston shaft exceeded the piston weight, dead weights
were added to the piston hanger to compensate the out of
balance force and the piston was released. B values
(B=Au/Aa) were measured after backpressuring to check the
degree of saturation. If saturation was considered in-
complete (B values of less than 95% and slow pore pressure
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response), the sample was allowed to sit for additional time
prior to consolidation.
The consolidation procedure for the isotropic tests
consisted of increasing the cell pressure and adding weights
to the piston hanger in equivalent increments to maintain an
isotropic state of stress on the sample. After applying
each increment, the top and bottom drainage lines were
opened to allow consolidation to proceed.
The Ko (1-dimensional) consolidation procedure was more
complex and time consuming. The Ko condition is defined as
no lateral strain (E2 = E3 = 0). Measurements of lateral
strain of triaxial samples during testing is currently not
possible at MIT. Therefore, the Ko condition was assumed to
be satisfied if the calculated average cross-sectional area
of the sample remained constant. The initial sample height
and volume were determined before the start of testing by
direct measurement. As each consolidation increment was
applied the changes in height and volume were measured and
the average area calculated. A Ko value was assumed for
the first increment. Subsequent Ko values were chosen on
the basis of the incremental results; if the area decreased
during an increment the Ko value was reduced, and Ko was
increased if the area increased. The vertical effective
stress was increased for each successive increment by a
maximum of 20% of the previous vertical effective stress
value. The duration of each consolidation increment was
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partially controlled by time constraints of the operator,
but was never less than three and a half hours. As many as
twenty load increments were necessary to reach the desired
effective stress level.
The soil pore fluid was determined to be saline (see
Chapter 3), whereas the water used in the triaxial cells was
fresh. A test was conducted to determine if flow through
the soil membranes due to the concentration gradient would
be significant. If considerable flow of water did occur
across the membranes, the values of Ko determined in the Ko
triaxial tests would obviously be erroneous. A hollow steel
cylinder was placed in a triaxial cell in a manner identical
to that used with the soil samples. A backpressure of 2
kg/cm 2 and a cell pressure of 5 kg/cm 2 were applied. Volume
change over a period of 39 hours was 0.02 ml.
Using the van't Hoff equation for osmotic pressure,
calculations show that a 35 g/l salt solution (a concentra-
tion representative of the soil) at 200C will produce an
osmotic pressure of 15 kg/cm 2 . Assuming that leakage
through the membranes varies directly with time and
concentration, this would result in a volume change of
0.02ml 15kg/cm 2  = 0.0026 ml/hr
39 hrs 3kg/cm 2
or 0.026 ml over 10 hours, a typical length of time for the
consolidation increments. This amount of volume change is
below the measuring sensitivity of the device, and so the
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error in volume for any increment due to osmosis is
considered insignificant.
A simplified consolidation method was used in two tests
to achieve the final consolidation stress state. The value
of Kc = oh /vc was chosen based on a CKoU test performedhc vc
previously on an adjacent sample. Specimens were first
isotropically consolidated to the required final horizontal
effective stress. Vertical loads were then slowly added
over a period of 8 to 12 hours to reach the proper value of
Kc (i.e. drained shear along a 450 q versus p' effective
stress path). This method reduced the consolidation time
from weeks to days when compared with the CKoU method
described above.
The Recompression tests used consolidation methods
similar to those used for isotropic consolidation. The
vertical effective consolidation stress was set as near as
possible to the estimated in situ effective vertical stress.
As this stress was generally small (less than 1.0 kg/cm2 ),
most tests required only one consolidation increment. The
piston was locked in place until the sample was completely
backpressured. It was then released as the required
vertical stress was applied with weights, usually resulting
in an anisotropic stress state. If more than one increment
was required, stresses were increased isotropically.
Laboratory procedures followed after consolidation of
the samples were similar for all the test types. To
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standardize the amount of secondary compression for each
test, a period of 24 hours was commonly allowed for the last
consolidation stress increment prior to shearing. The
shearing process was displacement controlled at about 0.5%
axial strain per hour, a rate estimated to be low enough
to allow pore pressure equilibration. Shearing was
continued until the formation of a failure surface made it
clear that the sample had failed or until the piston reached
its limit of travel. In three of the Recompression tests,
shearing in compression was first carried to 10% axial
strain. The sample was then sheared in extension until one
of the above mentioned conditions was attained.
Data acquisition during consolidation and shear was
done with the Geotechnical Central Data Acquisition system
which uses Hewlett-Packard equipment. Values of axial load,
cell pressure, pore pressure, vertical displacement, and
input voltage were monitored and recorded. Reduction and
plotting of the results was done using MIT computer
facilities. Parabolic or cylindrical area corrections were
used in the calculations as dictated by the final sample
shape. Corrections for filter strips and membrane restraint
were also made where applicable.
After shearing was completed, each sample was carefully
removed from the cell and radiographed to permanently record
the deformed shape and to locate any internal anomalies
(density changes around failure planes, changes in macro-
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fabric, etc.). Figure 5-2 shows examples of radiographs of
compression and extension triaxial samples after shearing.
To allow even exposure of the cylindrical samples, the
specimens were surrounded with sand during x-raying. This
caused the grainy appearance of the radiographs.
5.3 TESTS ON NORMALLY CONSOLIDATED SAMPLES
The index properties and results from the shear tests
discussed in this section are summarized in Table 5-1(a) and
(b).
5.3.1 CIUC Tests
Isotropically consolidated-undrained compression (CIUC)
tests were performed on three samples, one from boring MC7
(under Mukluk Island) and two from boring MP-B2 (Mukluk
Proximal). CIUC-01, which used lower layer material (wN =
50.0%, uniform macrofabric), was sheared after consolidating
to 8.0 kg/cm 2 . Lower layer material (wN= 5 3 . 3 %, uniform
macrofabric) was also used for CIUC-03 and consolidated to
2.5 kg/cm 2 . The soil used in CIUC-02 was taken from the
upper layer (wN = 37.0%, layered macrofabric) and underwent
consolidation to 8.0 kg/cm 2 . Normalized plots of effective
stress path, stress-strain, and secant modulus for these
three tests are given in Figs. 5-3, 5-4, and 5-5.
The stress paths for tests CIUC-01 and CIUC-03 are
essentially identical during initial loading. Sample
CIUC-03, which had the higher water content, descended down
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the envelope after failure, whereas CIUC-01 dilated,
developed a slightly higher strength and did not strain
soften as much. CIUC-03 may have developed a failure zone
after 12% strain but it was not well defined. A proving
ring was used to measure loads during shearing in test
CIUC-03. This resulted in a slightly smaller strain rate
than in the other tests where load cells were used. Due to
a malfunction in the data acquisition system, pore pressure
readings were not taken during a portion of test CIUC-02,
resulting in a gap in the stress path as shown by the dotted
line. This low water content sample developed the highest
strength due to dilation upon approaching the failure
envelope.
The three stress-strain curves show close agreement at
small strains and then diverge. The two high water content
samples separated after 6% strain resulting in normalized
undrained strengths of 0.317 and 0.347. The low water
content sample was considerably stronger (qf/avc = 0.389).
The peak strength in all three tests occurred at large
strains (above 9%) and at values of 0' having a small range
(31.80 to 33.60). The maximum obliquity and peak strength
conditions coincided for the two lower layer samples,
whereas maximum obliquity occurred before the peak strength
for the more dilatant, low water content sample.
The normalized secant Young's modulus data from the
three tests plot within a narrow band and have relatively
129
low values of Eu(50)/qf. The hyperbolic stress-strain
parameters for these tests are given in Table 5-1(b); Rf is
constant and G /a'c varies in the same fashion as the
normalized secant modulus.
5.3.2 CKoU Triaxial Tests
The majority of tests conducted as part of the triaxial
program were Ko consolidated-undrained (CKoU) tests. This
type of test is recognized as superior for evaluating
stress-strain-strength behavior, particularly when used
together with Direct Simple Shear tests to consider
anisotropy (Ladd et al., 1977). Four CKOUC (compression)
and three CKoUE (extension) tests were completed.
Triaxial Compression
Two of the CKoUC tests were performed on upper layer
and one on lower layer samples from boring MP-B2. The soil
in the fourth test, CKOUC-01, was from boring MC7, and is
believed to correspond to upper layer material. The natural
water contents and macrostructure of the samples reflect the
layer characteristics; the three upper samples, CKOUC-Ol,
-03, and -05 had natural water contents of 42.2%, 37.0%, and
43.8%, respectively and were all highly layered. The lower
layer material used in test CKoUC-07 appeared uniform and
had the highest water content (65.7%) of any sample.
The consolidation stress levels were varied in the four
tests to investigate the normalized behavior of the soil
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deposit. In all of the tests, the samples were consolidated
to vertical effective stresses at least 1.5 times the
estimated preconsolidation pressure to ensure normally
consolidated conditions. The consolidation stresses for the
CKOUC tests listed in Table 5-1 correspond to a' /0p = 2.2vcp
to 2.4 for the upper layer samples and 3.6 for the one lower
layer sample.
Normalized stress paths, stress-strain curves, and
plots of secant modulus for the four CKoUC tests are shown
in Figs. 5-6 to 5-8. It is obvious from the consolidation
stress path diagram that the Ko condition reached in test
CKOUC-01 differed significantly from that in the other three
tests. A discussion of the value of the coefficient of
earth pressure at rest of the deposit can be found in Yin
(1985). Conclusions from this analysis are summarized in
Chapter 4.
The stress paths are considerably different for the
four tests. Test CKOUC-01 originates at a point in the
stress space well beyond the other tests due to the very
high Kc value reached at the end of consolidation. The
other three stress paths are very similar at low effective
stress values, but then diverge. The low water content
material of test CKOUC-03 showed a slight tendency toward
dilation near the peak strength, and its normalized peak
strength, qf/avc = 0.362, is significantly higher than the
narrow range of 0.317 to 0.319 observed in the other three
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samples. Similarly, CKoUC-3 has a value of *' = 350, which
is higher than the *' of 290 to 300 reached in the other
compression tests.
The stress-strain curves for the compression tests also
reflect the anomolous Ko value of test CKOUC-01. Test
CKOUC-03 is also distinguished by higher values of qf and
cf. Tests CKOUC-07 and CKOUC-05 compare favorably with each
other, particularly below 8% strain. A failure plane
developed in sample CKOUC-07 between 5% and 11% strain, and
the rapid drop in the stress-strain curve seen in this test
is probably a result of the formation of this rupture
surface.
As in the isotropic tests the normalized Young's
modulus values are relatively low. Surprisingly, the sample
with the highest water content, CKoUC-07, exhibits the
stiffest response. The hyperbolic parameter Rf varies
little, Rf = 0.96 ± 0.01 S.D. Values of the hyperbolic
parameter G./a' are fairly small, ranging from 36 to 68.
1 vc
Triaxial Extension
The results obtained from CKOUE testing are plotted in
Figs. 5-9, 5-10, and 5-11. Two of the tests were conducted
-on upper and one on lower layer material. The samples again
exhibited the characteristics of high natural water content
(56.4%) and uniform appearance at greater depths, and lower
natural water content (34.5% and 39.9%) and a more highly
stratified macrostructure in the shallower materials.
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The samples were consolidated to the same vertical
stresses used in triaxial compression tests. The Ko value
from CKOUE-04 was very similar to that obtained in the
compression tests. The other two extension tests, however,
produced higher Ko results (0.61 and 0.65). Whether the
increase in Ko values is due to experimental inaccuracies
or due to variations in soil properties is not clear. While
small changes in Ko (0.61 versus 0.65) do not appear to make
much difference, the lowest Ko of 0.52 caused a significant
shift in the entire stress path.
The three stress paths show two types of behavior.
Tests CKOUE-04 and -06 had a tendency to dilate, developed
failure planes between 8 and 10% strain, and yielded low
friction angles. The dilation appears to have been halted
by the formation of the rupture surfaces, particularly in
test CKoUE-04. Tests CKOUE-08 also developed a failure
plane but at higher strains (around 16%), and exhibited very
little dilation. This sample had a much higher natural
water content and its high peak strength (qf/avc = 0.266
versus about 0.21 for the upper layer samples) is the
result of a much larger friction angle (42.10 versus only
28.4 ± 2.20).
The stress-strain curves for the extension tests
exhibit little scatter until rupture surfaces started to
form. Perhaps due to the influence of rupture surfaces, the
scatter in peak strengths from the extension tests is larger
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than measured in triaxial compression.
The normalized modulus versus stress ratio plot shows
the lower layer material to be softer than the upper layer
soil, which is the opposite of the results from CKOUC tests.
This is also reflected by the hyperbolic values of G/of'
1 vc
Comparison
Results from the two test types, compression and
extension, show considerably more scatter for the samples
sheared in extension. Values of qf/ovc and *' are very
similar in the compression tests, and are almost identical
for the samples which did not dilate. In contrast, these
same strength parameters in the extension tests vary over a
very large range, from 0.207 to 0.266 for qf/ovc and 26.2*
to 42.1* for '. The upper and lower layer materials appear
to behave similarly in the compression tests, but the
results from test CKoUE-08 could be used to support the
argument that they have different properties. Similarly the
compression test results do not indicate a strong dependence
of strength on Kc values, whereas differing Kc values in the
extension tests certainly affect the stress paths. The
extension tests also develop failure planes more frequently,
and their behavior appears to be controlled by the "weakest
link" in the sample.
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5.3.3 Effect of Ko Versus Isotropic Consolidation
Four of the undrained compression tests allow
comparison of the behavior of Arctic silt when consolidated
isotropically (Kc=l) with results from 1-dimensional
consolidated samples (Kc"Ko). Undrained compression tests
were performed using isotropic (CIUC-02) and Ko (CKoUC-03)
consolidation on adjacent samples from MP-B2-S4. In both
cases this upper layer material was consolidated to 8.0
kg/cm 2 . The other set of tests, CIUC-03 and CKOUC-07, used
lower layer material from adjacent locations in sample
MP-B2-S7 consolidated to 2.5 kg/cm 2 . Results from these
tests are shown in Figs. 5-12 to 5-17.
Experiments on normally consolidated soft clays have
shown that Ko consolidation when compared to isotropic
consolidation changes the stress-strain-strength behavior in
the following manner (Ladd, 1965):
(1) qf/ac changes by 15%;
(2) *' and Af generally decrease;
(3) ef decreases substantially and strain
softening is more pronounced.
The results from the lower layer materials follow these
trends reasonably well. The strain at failure decreases
from 10% to 2% while the other parameters change very
little. The upper layer tests agree less well with this
pattern. The strain at failure decreases only modestly and
Af and $' increase. Modulus values decrease in the upper
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layer, but remain constant in the lower.
Variation in the grain size distribution of the samples
may have resulted in the differences in behavior observed
between the upper and lower layers. The clay fraction of
the upper material is 15% by weight whereas the lower layer
clay content is around 28%. Thus behavior similar to that
of soft clays is exhibited by Arctic silt with the larger
amount of clay.
5.3.4 Effect of Ko Consolidation Method
Triaxial tests were also conducted to examine the
effect of simplified anisotropic Ko consolidation on
undrained shear behavior. The 1-dimensional consolidation
method which was used in the majority of the testing program
involves increasing the horizontal and vertical effective
consolidation stresses simultaneously in such a way as to
preserve a constant cross-sectional sample area, a
procedure which is both difficult and time consuming. This
is compared to the much simpler method of anisotropic
consolidation often employed in practice. It consists of
choosing a value of Kc (either estimated or based on results
from prior lab tests), and isotropically consolidating the
specimen until the final value of ahc is reached. The
vertical stress is then increased in increments to reach the
desired "Ko" value. This simplified consolidation method
significantly decreases the amount of time required to run a
test when compared with the 1-dimensional Ko procedure.
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Tests CKcUC-01 and CKOUC-05 allow comparison of the two
methods for an upper layer sample. Both samples were taken
from MP-B2-S5 and consolidated to avc = 5 kg/cm 2 ; the K of
0.53 determined in CKOUC-05 was applied in the simplified
CKcUC-01 test. A parallel set of tests was run in
extension for lower layer material from MP-B3-S7. Tests
CKcUE-02 and CKOUE-08 were both consolidated to Ko = 0.65 at
a' = 2.5 ksc. The results from these four tests are shown
vc
in Figs. 5-18 through 5-23.
Comparing the two triaxial compression tests, one
should first note that the simplified test underwent an
increase in pore pressure when the drainage valves were
closed off prior to the start of shearing. This increase is
reflected in the jump in the stress path at the start of
shear. It is not known what caused the pore pressure
increase. In any case, test CKcUC-01 had a much softer
initial response that produced extremely low normalized
modulus data and higher values of ef and Af. However, the
effects on qf and t' are minor.
The comparative extension results show good agreement
between the two stress-strain curves, and the normalized
moduli are essentially identical. However, the stress paths
are very different, with the simplified method following a
path of higher effective normalized stress and resulting in
a lower friction angle. Both samples formed rupture
surfaces at the peak strength.
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The simplified consolidation method substantially
reduces the amount of time to run a test compared with the
1-dimensional consolidation method. If large consolidation
stresses are involved, the testing time may be reduced from
weeks to days. The tests reported here do not provide
enough evidence to conclusively prove significant differ-
ences resulting from the simplified method. Changes in
stress-strain behavior of the triaxial compression tests may
be influenced by the unexplained development of initial pore
pressure in CKcUC-01. In the triaxial extension tests very
different effective stress paths are produced by the two
methods; however, it is not clear how much difference
between tests should be expected due to natural variability
of the soil. The Author is of the opinion that further
study of this topic is merited considering the substantial
time savings the simplified method produces.
5.4 RECOMPRESSION TESTS
Four Recompression type tests were performed on samples
from the Mukluk Proximal site. As described in Chapter 2,
these tests involve reconsolidating the soil to its in situ
effective vertical stress before shearing. Two tests,
CKcUC-03 and CKcUC/E-04 used upper layer material, and
CKcUC/E-06 and -05 used transition and lower layer material
respectively. A summary of the test results is given in
Table 5-2(a) and (b). Consolidation stresses were chosen
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based on estimates of the overburden pressure at the time
the test was performed. More recent evaluation of the
profile has resulted in lower estimates of a'I, hence the
consolidation stresses used generally exceed the in situ
values. Replicating very low in situ stress levels in the
laboratory was also hampered due to equipment limitations.
Figures 5-24 to 5-31 show the stress-paths and
stress-strain curves for the four Recompression tests.
Normalized modulus results from all the tests are shown
together on Fig. 5-32.
Test CKcUC-03 was consolidated to 0.21 kg/cm 3 and then
sheared in compression. The stress path clearly shows how
the sample hits the failure envelope and then dilates,
increasing in strength until a rupture surface forms. The
stress-strain curve shows a clear break around 10% strain,
where the failure plane developed and peak strength was
reached.
The other Recompression tests were sheared in compres-
sion until they approached 10% strain. The motor on the
loading frame was then stopped and the direction reversed so
that shearing continued in extension until failure. The 10%
limit for compressive strain was chosen based on the results
from test CKcUC-03. This unusual method of double shearing
was chosen to conserve soil. -The extremely high quality
samples preferred for use in Recompression tests were scarce
by the time this phase of the program commenced, particu-
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larly in the lower layer. The resulting extension test
strength values would be expected to be lower than those
obtained from testing virgin material.
As Figs. 5-26 and 5-27 show, test CKcUC/E-04 did not
reach its peak strength during compression to 10% axial
strain. Shear in extension was also not carried out to
strains sufficient to achieve a peak strength value. Hyper-
bolic parameters were calculated in an attempt to estimate
the triaxial compression peak strength, but the data did not
fit the hyperbolic relationship. Because of the lack of
peak strength values, this test is eliminated from the dis-
cussion on strength which follows later in this section.
What information is available from test CKcUC/E-04 however,
suggests that the material behaves similarly to a dense
sand; the stress-strain curve is initially concave down,
then has a linear portion, and then is again concave down,
and the stress path shows dilation under both compression
and extension loading. This sample was from very near the
mudline (z = 3.4 ft) and had 10% clay content, the least
amount of clay of all the samples tested. The larger frac-
tion of coarse grained material in this sample as well as
its extremely high degree of overconsolidation (OCR a 21)
are both properties which can reasonably be assumed to cause
behavior which differs from that observed in the samples
taken at greater depths.
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In the other two compression/extension tests
(CKcUC/E-05 and CKcUC/E-06 shown in Figs. 5-28 to 5-31),
peak strengths were also not achieved by 10% compressive
axial strain. Both tests behaved similarly in extension,
failing at about -8% strain. The stress paths are also very
similar for these two tests and exhibit significant dilation
in both compression and extension. Note that test CKcUC/E-05
has a jump in the stress path due to a technical error as
shown by dotted lines in Figs. 5-28 and 5-29. The screws
which are used to clamp the piston were not completely
removed prior to testing. Thus, for a short while the
screws themselves were loaded rather than the sample. As
soon as the mistake was discovered the situation was recti-
fied by reversing the direction of shear until the load was
once again completely taken by the sample (after about 90
minutes). Loading in compression was then continued.
The normalized moduli from the four tests are shown in
Fig. 5-32. The normalized modulus values decrease with
increasing OCR. This trend is common for clays (Ladd et
al., 1977).
In the Introduction it was stated that one of the
reasons for conducting the Recompression tests was to enable
comparison of results with the SHANSEP technique. Table 5-3
presents information from-such a comparison. As described
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in Chapter 2, the SHANSEP procedure uses the relation:
qf
-- = S * (OCR)m
vc
where
qfS =- for normally consolidated soil
vc
m = 0.8 ± 0.05
The S values used in making the predictions were based on
the results from the triaxial tests on normally consolidated
samples. Critical State Soil Mechanics theory stipulates
that m = 1-Cs/Cc (Wroth, 1984). Based on this relation
oedometer tests predict m = 0.74 to 0.89 with an average of
0.82. However analysis of DSS tests achieved good fit of
the data with m = 0.77 for the upper layer and m = 0.70 for
the lower layer. Ladd et al. (1977) suggest using an m
value which decreases from 0.85 to 0.75 with increasing OCR
based on SHANSEP CKOUDSS test data for several clays.
The predicted strength values consider this range in m
values (0.70 to 0.82). The best estimate is taken near the
average of this range, but varied slightly with changing
OCR. Note also that in instances where the lab and in situ
effective stresses were not identical, the former was used
in calculating the overconsolidation ratio (i.e. OCR = a /apvc
not OCR = 0'/o' ).
p vo
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Comparison of predicted and measured values of qf/ovc
show excellent agreement for sample CKcUC-03. Given the
uncertainty in the overconsolidation ratio for this sample,
the predicted best estimate and measured values are
amazingly close.
For the double sheared tests the choice of "measured"
strength values to use in the comparison presented some
difficulties. For the extension portion of the tests it is
assumed that prior shearing in the opposite direction
reduced the measured strength. Neither test CKcUC/E-05 or
-06 reached their peak undrained- shear strength in
compression. (As previously noted, test CKcUC/E-04 is not
considered in this discussion.) Using the final strength
value obtained during compressive shear would underestimate
the correct "measured" value. Therefore, to better estimate
the peak undrained strength in compression, the stress-
strain curves were fitted using hyperbolic parameters from
which a value of qf/o'vc could be calculated.
The hyperbolic stress-strain relationship used in
fitting the stress-strain curve is given by:
R y
Y 1 + RfY
vq/avc G vc f/avc
where Aq = q-qo
Aqf = qf-qo
Y = 1.5ea for triaxial tests.
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This defines a straight line relationship between y/(&q/ac)
vc
and y with slope b=Rf/(Aqf/avc) and intercept a=l/(G/avc')
To estimate qf/av for the triaxial tests the data were
fitted to this relationship and a and b values determined.
A value of Rf was then assumed enabling Aqf/a c and there-
fore q /a'v to be calculated. For a large number of normal-
ly consolidated clays Rf has been found to be in the range
of 0.925 to 0.975 and to decrease at high OCR values. The
triaxial test performed on normally consolidated Arctic silt
gave Rf = 0.964 ± 0.014 S.D. In considering the overcon-
solidated state of the samples, the selected value for Rf
was reduced to 0.95 for CKcUC/E-05 (OCR = 2.4) and to 0.90
for CKcUC/E-06 (OCR = 5.1). The peak undrained shear
strengths calculated using these Rf values are included in
Table 5-3.
The results for test CKcUC/E-06 are almost identical
for the predicted best estimate and the measured compressive
strength. The higher predicted extension value reflects the
idea previously put forth that measured extension strengths
are probably too low due to the effect of reversing the
shear direction after considerable strain.
The measured results from test CKcUC/E-05 are greater
than the predicted best estimate strength values in both
failure modes. This sample has a much lower water content
than the other lower layer materials tested. Undrained
tests on silts have shown that lower water contents often
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lead to greater dilation during straining (Wang et al.,
1982; Penman, 1953). Therefore, the selected values of S
may be too low. The actual value of a'p may also be higher
than selected. In any case, the measured values appear
consistent with the predicted upper limit.
Based on this limited comparison, the prospect of
applying the SHANSEP technique to Arctic silts appears
favorable. Two of the three cases show extremely good
agreement between measured Recompression strength values and
those predicted using a SHANSEP analysis. For the third
case the results are not as good. However, as noted, this
sample is significantly different from the lower layer
samples tested as reflected in the water content, and hence
the parameters used to predict the SHANSEP strength may be
incorrect. Although SHANSEP appears to predict reasonable
in situ undrained strength values, results are not yet
available to compare stress-strain properties.
5.5 SWELLING OF TRIAXIAL SAMPLES
Comparison of triaxial data with the results from
oedometer and DSS tests on the Harrison Bay soil reveals
that the unit weights calculated based on the triaxial
samples are consistantly lower than those from the other two
test types. Based on 29 oedometer and DSS tests Yt =
1730 kg/cm3 ± 94 kg/cm3 S.D. whereas triaxial data results
in Yt = 1670 kg/cm3 ± 106 kg/cm3 S.D. Although the depth
profile of unit weight is not linear but reaches a minimum
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around 16 ft (see Fig. 3-13), the above numbers do provide
a general sense of the differences in observed values. The
most likely explanation for this difference is swelling.
During trimming of the triaxial samples there was
evidence that the soil was swelling. After one revolution
of trimming was completed, a process which would typically
take half an hour, the section where trimming was started
would often require retrimming to fit within the set
dimensions. The manner in which trimming was performed
prevented observing any evidence of vertical swelling. The
trimming process used in oedometer and DSS testing is
slightly different from that used in triaxial tests. In
these two tests the sample is trimmed directly into a mold.
This process would prevent outward swelling by laterally
confining the sample as trimming progressed.
Many of the samples also developed significant amounts
of negative pore pressure when placed in the triaxial cell.
Frequently the applied initial cell pressure had to be
increased above 0.3 kg/cm 2 in order to produce positive pore
pressures.
The causes of swelling are not clear. One explanation
is that the swelling developed due to stress relief. High
degrees of overconsolidation, particularly in the upper
layer of the profile, would be expected to result in large
Ko values. As the soil was extruded from the sample tube
for trimming, relief of horizontal pressures could result in
swelling.
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Another possibility is that swelling was caused by
release or expansion of gas from within the sample. Boring
logs show that a mild hydrogen sulfide odor was present when
one of the shallower samples was retrieved. Also noted was
that gas blew off the 0-ring packer of a sample taken at 24
ft shortly after the packer was placed. Inspection of the
samples in the laboratory immediately after they arrived
from the field revealed additional dislodged 0-ring packers.
Of the twenty tubes received, five had the packers on both
ends popped off, and eleven had one packer popped off.
Initially it was thought that the packers might have been
dislodged during air transportation of the samples if the
shipping cargo area was not pressurized. Communication with
the air carrier, however, indicates that the samples were
kept at atmospheric pressure during flight. Radiographs of
the tubes show several large cracks in the sample which
could also be viewed as evidence of gas.
The samples were stored in a freezer at 0*C until
removed for trimming. Trimming was carried out at room
temperature in a humid room. This change in temperature of
approximately 20*C could also have caused swelling due to
the expansion of any gas present. It should be noted
however, that at no time during trimming was there a
perceptible gas odor.
Consideration of this topic will continue. It is hoped
further research will better clarify the mechanism
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responsible for the swelling, and any possible effects this
may have on strength values.
5.6 DISCUSSION
This research was undertaken with the purpose of gain-
ing better understanding of the behavior of Arctic silt. Of
special consideration was the dilative behavior during
undrained shear observed in previous studies. Also, repre-
sentative index and engineering properties were sought for
the Soft Zone Area considered by the study. In this section
these issues are discussed with respect to the results from
the triaxial test program. Considerable scatter in un-
drained strength values was measured and dilative behavior
occurred in only a few of the tests. The discussion
below considers the soil characteristics which appear to be
of importance in determining behavior and presents repre-
sentative engineering properties for the Soft Zone Area.
Figures 5-33 through 5-37 show data plotted from the
undrained triaxial tests performed on normally consolidated
samples. Of major concern is why some samples dilated
during shear and others did not. Based on the plots, the
profile appears to be composed of two different materials
distinguished by both index properties and behavior.
As shown by Fig. 5-33, the samples which dilated are
generally found in the upper 11 ft of the profile (identi-
fied henceforth as Soil A). These samples are also
characterized by water contents of 40% or less, clay
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contents of less than 18%, and plasticity indices of less
than 17% (Figs. 5-34 and 5-35). The non-dilative samples
(identified as Soil B), all from greater depths, generally
have significantly higher values for these three index
properties. Mineralogical data presented in Chapter 3 also
show higher total clay mineral contents below 11 ft.
Granular void ratio defined by
Volume + Volume
e = clay water
g Volumesolids
is another property useful for characterizing soil (Hight,
1985). In this case it seems particularly appropriate since
it combines clay and water content, parameters which can
both be related to the observed behavior. In Fig. 5-36
final (after shear) sample water content is plotted versus
final granular void ratio. The dilative samples are clearly
concentrated in the lower left corner with low water
contents and granular void ratios.
Figure 5-37 shows a plot of normalized undrained
strength versus initial granular void ratio. The initial
granular void ratios were calculated from the natural water
contents, assuming 100% saturation. This formulation was
used rather than relying on initial measurements in order to
eliminate any effects on the sample state due to swelling
(see Section 5.5). Again this plot reflects that the
stronger, low eg soil is dilative, and the weaker, high eg
soil is non-dilative.
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In Chapter 3 the profile was divided, based on index
properties and stress history, into two soil layers
separated by a transition zone. This agrees with the 11 ft
line considered here. The soil between 11 ft and 14 ft can
be viewed as a transition zone where gradual changes in
index properties are apparently sufficient to alter the
engineering behavior.
The plots show that the two tests from Sauls et al.
(1984) do not fit as well into the divisions defined above.
However, considering that these samples are from the middle
of the transition zone (assuming that the same profile
exists under Mukluk Island as 200 ft south of it), the
differences become less objectionable.
An additional plot of normalized undrained strength is
shown in Fig. 5-38. Three soil properties, natural water
content, plasticity index, and percent clay content, have
been added arithmetically, and the resulting "cumulative
index parameter" is plotted against strength. This figure
includes data from the Ko extension test reported in Sauls
et al. (1984) which used soil taken three miles northeast of
Mukluk Island. The resulting plot separates behavior fairly
well: dilation occurs below a cumulative index parameter of
about 70%, no dilation occurs above about 80%, and both
behaviors occur between 70% and 80%.
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While no single index property appears sufficient to
reliably predict whether dilatant behavior will occur, when
combined, they do provide a framework with which to
differentiate the two types of material.
Effective stress envelopes at the peak strength and at
maximum obliquity (in p'-q space) are shown in Fig. 5-39.
These plots include the point representing the Recompression
test which was sheared in triaxial compression only. The
effective stress envelopes show further evidence supporting
the behavioral differences of the two soils. The
compression test data lie along two envelopes. The higher
peak strength envelope resulting from failure of the
dilative material (Soil A) has *' = 33.8* t 1.20 S.D.
(excluding the Recompression point). The lower envelope,
obtained for material below 11 ft (Soil B), has 0' = 30.3* t
1.15* S.D. At maximum obliquity the friction angle
increases to 32.20 1.7 0 S.D. for Soil B, but remains
almost constant, *' = 340 1.20 S.D. for Soil A.
There are fewer tests available to define the extension
envelopes and these results are opposite those from the com-
pression tests. The data give friction angles of roughly
' = 280 for Soil A and ' = 330 for Soil B, with little
difference between the peak and maximum obliquity
conditions. The friction angle for Soil A is lower than
expected, perhaps due to the "premature" formation of
failure surfaces (i.e. the weak link theory previously
151
discussed). The layered macrofabric of Soil A might also be
a contributing factor. The one CKOUE test performed by
Sauls et al. (1984) yielded dilative behavior and $'=38* for
a sample having a low natural water content and plasticity
index, wN= 2 9 .5% and Ip=1 6 . 7 %, but otherwise being more
characteristic of Soil B (uniform macrofabric and high clay
content of 38%) . The friction angle for Soil B is
considered more reasonable as one would usually expect a
slightly higher envelope for extension than compression due
to the effects of 02.
Stress-strain-strength parameters representative of the
two materials under normally consolidated conditions have
been chosen as shown below:
SOIL A
WN < 40%
< 17%
CEAY CONTENT < 18%
FAILURE MODE COMPRESSION EXTENSION
et(%) 9 9
qf/o'vc 0.37 0.21
P'f/a'vc 0.66 0.45
Af 1.0 0.9
f' 340 280
*'mo 340 280
Eu(50)/qf 250 450
cu/a'vc 0.305 0.185
Gi/a'vc 60 60
Rf 0.98 0.96
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These values were selected based on the average of available
tests. The estimates for Soil B in the extension failure
mode were, however, primarily based on test CKcUE-02 since
the only other available extension test, CKOUE-08, had an
unusually high friction angle. In these tables, the
undrained strength is defined as cu = qf cos$'.
Based on comparison with undrained CKoU triaxial tests
on a variety of normally consolidated clays (Jamiolkowski et
al., 1985), Soil A has higher undrained strength values than
generally observed in both compression and extension. Soil
B has a typical value in compression, but an unusually high
extension strength.
SOIL B
WN > 40%
> 17%
CtAY CONTENT > 18%
FAILURE MODE COMPRESSION EXTENSION
Ef(%) 2 14
qf/a'vc 0.32 0.27
Pf/0'vc 0.65 0.50
Af 1.0 0.9
' 29.50 330
*mo 320 330
EU(50)/qf 275 300
Cu/O'vc 0.28 0.225
Gi/a'vc 55 55
IRf 0.96 0.97
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These data also show that Soil A has a much higher
degree of strength anisotropy than Soil B. For Soil A
Ks =qf(E)/qf(C) = 0.57, whereas for Soil B Ks = 0.84. The
undrained strength anisotropy of cohesive soils generally
increases with decreasing plasticity index (Ladd et al.,
1977), and these materials follow this pattern. It is of
note, however, that low plasticity, highly anisotropic
materials are usually sensitive, contractive soils. In this
instance the low plasticity, highly anisotropic soil is
dilative.
The above generalizations are based on a relatively
small number of tests performed on Arctic silt samples
obtained primarily from one location. As the Center
continues its research program, additional data will
hopefully lead to a better understanding of the factors
affecting behavior and the applicability of existing results
to deposits outside of Harrison Bay.
TABLE 5-1(a) SUMMARY OF CONSOLIDATED-UNDRAINED TRIAXIAL TESTS ON NORMALLY
INDEX PROPERTIES AND CONSOLIDATION DATA
(a) Assuming Gs 2.75
(b) Based on hydrometer tests on adjacent samples
(c) v4o unknown since sample taken below Mukluk Island after
(d) op from oedometer test
(e) op from consolidation phase of triaxial test
(f) 0 from triaxial test on-an adjacent sample
CONSOLIDATED ARCTIC SILT:
construction was completed
ALL STRE SES IN kg/cm
2
INDEX PROPERTIES AS TRIMMED FINAL STRESS HISTORY
TEST z Wp WL % SILT MACRO- e B C a() ''
NO. NO. (ft) WN (a) (a) vo vcLAYER 1 (t) IL % CLAY FABRIC (t) evol(t)
MC7-15 37.7 49.4 85 1.53 1.17 10.3 -(c) 8.0
CIUC-01 LOWER 12.9 50.0 (b) UNIFORM ? 43.9 ? 15.4 ? 1.0
11.7 105 15
MP-B2-S4 31.3 46.5 61 1.11 0.90 4.4 0.26 8.0
CIUC-02 UPPER 9.3 37.0 (b) LAYERED 91.3 30.7 95.0 10.3 3.5(d) 1.0
15.2 37.5 15
MP-B2-S7 35.2 59.0 57 1.59 1.28 4.5 0.41 . 2.5
CIUC-03 LOWER 16.7 53.3 UNIFORM 92.3 43.0 96.0 12.0 1.3(f) 1.0
___________ 
23.8 76.1 28-- -
MC7-15 37.5 54.6 85 1.23 1.02 10.8 -(c) 8.7
CKOUC-01 UPPER 12.3 42.2 (b) LAYERED ? 31.8 ? 11.2 ? 0.84
17.1 27.5 15 _____
MP-B2-S4 33.0 46.8 61 1.15 0.98 8.5 0.25 8.0
CKOUC-03 UPPER '8.8 37.0 LAYERED 91.4 32.7 96.0 8.1 3.3(e) 0.59
13.8 29.0 15
MP-B2-S5 32.7 54.5 60 1.30 1.07 10.0 0.30 5.0
CKOUC-05 UPPER 11.0 43.8 (b) LAYERED 92.3 37.2 98.8 10.2 2.3(e) 0.53
______ __________ 
21.8 50.9 17 ____________________
MP-B2-S7 37.6 67.1 57 2.04 ? 13.0 0.41 2.5
CKOUC-07 LOWER 17.0 65.7 (b) UNIFORM 88.5 52.9 96.2 14.7 1.3(d) 0.56
MP-B2-S4 33.7 46.5 61 1.11 0.95 6.8 0.24 8.0
CKOUE-04 UPPER 8.4 34.5 (b) LAYERED 84.3 30.8 99e9 7.8 3.4(e) 0.52
____________________12.8 6.3 15
MP-B2-S5 31.6 47.7 60 1.43 1.26 7.8 0.29 5.0
CK0 UE-06 UPPER 10.7 39.9 LAYERED 77.8 35.1 102 7.6 2.3(e) 0.61-
16.1 51.6 17
MP-83-57 36.8 69.3 47 1.79 1.51 7.9 0.41 2.5
CKUE-08 OER 16.8 56.4 UNIFORM 86.4 47.7 100 10.2 1.3(e) 0.65
_____________32.4 60.3 43
MP-B2-S5 31.0 53.1 60 1.34 1.21 8.8 0.31 5.2
CKcUC-01 UPPER 11.4 44.7 (b) LAYERED 92.1 37.1 96.9 5.2 2.3(f) 0.54
MP-B3-S7 33.9 68.4 47 1.89 1.59 9.6 0.41 2.4
CKcUE-02 LONER 17.1 58.2 (b) UNIFORM 84.8 47.3 99.6 10.3 1.3(f) 0.65
34.5 70.51 43 1
TABLE 5-1(b) SUMMARY OF CONSOLIDATED-UNDRAINED TRIAXIAL TESTS ON NORMALLY CONSOLIDATED ARCTIC SILT: STRESS-STRAIN-STRENGTH, PARAMETERS
ALL STRESSES IN '.g/cm2  __________________________ _____________
TLL-ST IN) AT MAXIM3M q AT MAXIMUM OBLIQUITY c ME (50) G R
P u __ _TEST Z(ft) o C 6a A .1 Iu REMARKS
Noe (sIo vcAf c I I__a__________
N L Kc (t) avc vc (t) @ ovvc Rf
12.9 11.7 - 8.0 41.6 PERFORMED BY SAULS (1984)
CIUC-01 50.0 105 ? 1.0 14.8 0.347 0.627 33.6* 1.04 SAME AS AT MAXIMUM q 0.289 215 0.974 DILATIVE
9.3 15.2 0.26 8.0 62.2
CIUC-02 37.0 37.5 3.5 1.0 13.4 0.389 0.719 32.8* 0.86 9.8 0.387 0.708 33.1* 0.327 285 0.972 DILATIVE
16.7 23.8 0.41 2.5 81.0
CIUC-03 53.3 76.1 1.3 1.0 9.8 0.317 0.602 31.8 1.13 SAME AS AT MAXIMUM q 0.269 340 0.972
12.3 17.1 - 8.7 36.2
CKOUC-01 .42.2 27.5 ? 0.84 10.3 0.318 0.645 29.5* 1.08 14.5 0.317 0.633 30.1 0.277 215 0.965 PERFORMED BY SAULS (1984)
8.8 13.8 0.25 8.0 38.4
CKOUC-03 37.0 29.0 3.3 0.59 9.1 0.362 0.629 35.1* 1.03 6.9 0.361 0.625 35.4* 0.296 190 0.977 DILATIVE
11.0 21.8 0.30 5.0 47.9
CKOUC-05 43.8 50.9 2.3 0.53. 2.3 0.317 0.652 29.10 0.99 8.9 0.309 0.590 31.6* 0.277 250 0.955
17.0 29.5 0.41 2.5 67.9
CK0UC-07 65.7 95.2 1.3 0.56 2.0 0.319 0.636 30.1* 1.23 12.0 0.309 0.544 34.6 0.276 345 
0.952 FAILURE PLANE
8.4 12.8 0.24 8.0 65.2 DILATIVE
CKOUE-04 34.5 6.3 3.4 0.52 -9.3 -0.207 0.406 30.6 0.89 SAME AS AT MAXIMUM q -0.178 460 0.969 FAILURE PLANE
10.7 16.1 0.29 5.0 62.1 DILATIVE
CKOUE-06 39.9 51.6 2.3 0.61 -8.8 -0.222 0.502 26.2* 0.86 -8.0 -0.222 0.500 26.4* -0.199 420 0.958 FAILURE PLANE
16.8 32.4 0.41 2.5 37.0
CKOUE-08 56.4 60.3 1.3 0.65 -14.4 -0.266 0.397 42.1* 0.98 SAME AS AT MAXIMUM q -0.197 270 0.960 FAILURE PLANE
11.4 22.1 0.31 5.2 14.3 ISOTROPICALLY
CKcUC-01 44.7 62.0 2.3 0.54 5.8 0.314 0.608 31.1" 1.53 16.0 0.311 0.575 32.7* 0.269 86 0.931 CONSOLIDATED TO0 a' - 2.8 kg/cm2
ISOTRDPICALLY
17.1 34.5 0.41 2.4 45.6 CONSOLIDATED TO
CKcUE-02 58.2 70.5 1.3 0.65 -12.5 -0.276 0.500 33.5* 0.86 SAME AS AT MAXIMUM q -0.230 310 0.985 O' - 1.6 kg/cm
2
FAILURE PLANE
(*) Cu"qfcos
.-
L'
0 0 0 0 0
TABLE 5-2(a) SUMMARY OF CONSOLIDATED-UNDRAINED TRIAXIAL TESTS ON OVERCONSOLIDATED ARCTIC SILT:
INDEX PROPERTIES AND CONSOLIDATION DATA
(a) Assuming Gs -.2.75
(b) Based on hydrometer tests on adjacent samples
(c) Best estimate from oedometer tests
(d) OCR = o'p/a'vc
ALL STRESSES IN kg/cm
2
SAMPLE INDEX PROPERTIES AS TRIMMED FINAL 
STRESS HISTORY
TEST NO z WP WL % SILT MACRO- e e Ca a ' a' OCR(d)
NO. (ft) WN (a) (a) vo vc
LAYER P (%) L CLAY FABRIC avol (c)
I MILS(%) Im% ao (c Kc
MP-B3-S4 32.1 46.8 62 1.27 1.27 0.0 0.27 0.21
CKcUC 3  UPPER9.6 41.8 LAYERED 90.8 41.8 0.0 4.1 1.35 19.5
14.7 76.7 15 1
MP-B2-S2 28.0 40.8 65 1.09 1.09 0.1 0.10 0.21
CKcUC/E-04 UPPER 3.4 31.9 (b) LAYERED 80.5 32.0 0.0 4.4 1.50 21.0
12.7 30.5: 10 ____
MP-B2-S10 27.0. 45.8 48 1.00 0.97 0.5 0.56 0.67 .
CKcUC/E05 LOWER 24.0 32.5 (b) UNIFORM 88.3 30.5 2.0 1.6 1.00 2.4
18.8 29.4 32
MP-B3-S6 32.1 57.3 51 1.58 1.54 0.4 0.36 0.37
CKcUC/E-06 TRANSITION 14.2 47.4 LAYERED 82.6 46.1 1.2 1.9 1.05 5.1
25.2 60.7 34
0 0 0 0 0 0 0 0 0
TABLE 5-2(b) SUMMARY OF CONSOLIDATED-UNDRAINED TRIAXIAL TESTS ON OVERCONSOLIDATED ARCTIC SILT: STRESS-STRAIN-STRENGTH PARAMETERS
ALL STRESSES IN kg/cm2 _____________
STR I A - AT MAXI-M q AT MAXIMUM OBLIQUITY E (50 G
TEST Z(ft) Ip a FAILURE cu MREMARKS)Io ncqq REM4ARKSNO. (t) MODE a A c- qf ovc(%( ) 1O M#D f ~a 1
N L Xc (S) Ovc ovc (t) Ovc Cvc %vc R
9.6 14.7 0.27 0.21 77.6 DILATIVE
CKcUC-03 41.8 76.7 4.1 1.35 C 9.6 3.24 5.10 39.5* -0.07 3.9 2.01 2.97 46.1* 2.50 37 0.716 FAILURE PLANE
________DILATIVE
3.4 12.7 0.10 0.21 C 10.5 4.75 7.64 38.5* -0.14 4.9 2.39 3.60 41.5* 3.72 FAILURE PLANE
CKcUC/E-04 22 DILATIVE
31.9 30.5 4.4 1.50 E -1.3 -1.82 2.96 38.00 - SAME AS AT MAXIMUM q 1.43 DID NOT REACH PEAK
24.0 18.8 0.56 0.67 C 9.2 0.880 1.65 32.2* 0.133 4.5 0.756 1.32 35.0 0.74 0.391 
DILATIVE
CKcUC/E-05 - ....-- -...... -.--. - - - -- -- -- --- 15DLTV115cE-5 i DILATIVE
32.5 29.4 1.6 1.00 E -7.3 -0.464 0.703 41.3 - -3.5 -0.442 0.632 44.4* -0.35 ? 
FAILURE PLANE
14.2 25.2 0.36 0.37 C 9.9 1.029 1.80 34.8* 0.129 7.5 0.979 1.65 36.4* 0.84 0.405 DILATIVE
CKcUC/E-06 -_ . --------- ------ 
--------
DILA76TIV
DILATIVE
47.4 60.7 1.9 1.05 E -8.6 -0.686 1.21 42.0* -5.5 -0.618 0.895 43.7* -0.51 ? FAILURE PLANE
(*) cu qfcos*'
-j
0 0
TABLE 5-3 SHANSEP METHOD APPLIED TO RECOMPRESSION TESTS
q f m
= S.(OCR)
vc
ALL STRESSES IN kg cm2
PREDICTED MEASURED
TEST z(ft) FAILURE MODE avc OCR m S / E D
WN vc f vc
9.6 COMPRESSION
CKcUC93 - RANGE 0.21 3.0 - 5.5 14.3 - 26.2 0.70 - 0.82 0.32 - 0.39 2.31 - 5.67 3 .24(a)
41.8 - BEST ESTIMATE *.2 4.1 19.5 0.75 0.34 3.16
COMPRESSION
14.2 - RANGE 0.31 - 0.35 0.62 - 1.79 1.03(b)
CKcUC/E-06 - BEST ESTIMATE 0.37 1.0 - 2.7 2.7 - 7.3 0.70 - 0.82 0.328 1.13 1.13 (c)
EXTENSION 1.9 .5.1 0.76
47.4 - RANGE -0.22 - -0.26 -0.44 - -1.32 -0.6 86 (a)
- BEST ESTIMATE -0.25 -0.86
COMPRESSION
24.0 - RANGE 0.30 - 0.40 0.45 - 0.98 0 .8 8 (b)
CKcUC/E-05 - BEST ESTIMATE 0.67 1.2 - 2.0 1.8 - 3.0 0.70 - 0.82 0.38 0.75 0.9 9 (c)
EXTENSION 1.6 2.4 0.77
32.5 - RANGE -0.20 - -0.27 -0.30 - -0.66 -0. 46 4 (a)
- BEST ESTIMATE 1 -0.21 -0.41 1
(a) Peak strength from sample sheared to failure
(b) qf/Vvc at ± 10% strain
(c) qf/ovc estimated using hyperbolic parameters
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Figure 5-1 MIT Triaxial Cell
0 0 0
(a) Compression (b) Extension
Figure 5-2 Radiographs of Sheared Triaxial Samples
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Figure 5-6 Normalized Stress Paths from CK UC Tests, OCR=1
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Figure 5-7 Normalized Stress versus Strain from
CK UC Tests, OCR=1
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Figure 5-12 Normalized Stress Paths Comparing CIUC and
CK UC Tests from MP-B2-S4, OCR=1
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Figure 5-13 Normalized Stress versus Strain Comparing CIUC
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Figure 5-14 Normalized Secant Modulus versus Stress Ratio
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Figure 5-15 Normalized Stress Paths Comparing CIUC and CKOUC
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Figure 5-16 Normalized Stress versus Strain Comparing CIUC
and CK UC Tests from MP-B2-S7, OCR=1
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Figure 5-19 Normalized Stress versus Strain Comparing Simplified and
1-Dimensional Ko Consolidation from Compression Tests,
OCR=1
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Normalized Secant Modulus versus Stress Ratio
Comparing Simplified and 1-Dimensional Ko
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Figure 5-32 Normalized Secant Modulus versus Stress
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Figure 5-33 Profile of Normalized Undrained Shear Strength and Normalized
Modulus from Undrained Triaxial Tests on Normally Consolidated
Arctic Silt
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CHAPTER 6
DIRECT SIMPLE SHEAR TEST PROGRAM
Thirteen Ko consolidated-undrained Direct Simple Shear
(CKoUDSS) tests were performed on samples from the 1984
borings B2 and B3. In this chapter the results of the test
program are summarized. Yin (1985) presents a complete
discussion of this topic.
Objectives of the DSS test program were:
(1) to evaluate normalized behavior of samples
consolidated beyond the in situ preconsolidation-
pressure;
(2) to study anisotropy via comparison with results
from CKOU triaxial tests;
(3) to develop initial in situ undrained stress-
strain-strength properties for the Mukluk Island
Arctic silt deposit using the SHANSEP technique.
Nine normally consolidated and four overconsolidated
tests were performed.
Results from the tests on normally consolidated samples
are given in Table 6-1. Since the stress conditions in a DSS
test are unknown, the peak undrained strength is arbitrarily
equated to Thmax, which probably lies between qf = (1-03)/2
and tff = qf cost' in typical DSS tests on clays (Ladd and
Edgars, 1972). Based on these data, the profile was divided
into three layers: surface (above 6 ft), upper (6 ft to 14
ft), and lower (below 14 ft). The following features were
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noted:
(1) These samples of Arctic silt exhibit reasonable
normalized behavior, i.e. very similar stress-strain curves
and effective stress paths, in spite of substantial differ-
ences in consolidation stress, in situ preconsolidation
pressure, and index properties.
(2) Below 6 ft the normally consolidated soil develops
positive excess pore pressures throughout shear. (The
material is always contractive rather than dilative.) Soil
tested from above 6 ft exhibits a small amount of dilation.
(3) The average peak undrained strength ratio, c cu vc
is 0.241 ± 0.007 SD for the upper and lower layers and 0.30
for the surface layer.
(4) The normally consolidated soil requires consider-
able straining to reach the peak strength (yf = 9.6% ± 2.1
SD). Moreover, continued shearing produces significant
strain softening. At large shear strains, 25 to 30%, the
undrained resistance, Th /avc, reduces to 0.154 ± 0.012 SD.
(5) The * angle at peak strength (* = arctan Th /v
equals 22.6* t 1.5 SD. At maximum obliquity, * increases to
29.80 ± 5.0 SD.
Results from the four tests on overconsolidated samples
are summarized in Table 6-2. These data were used together
with stress history information (see Chapter 4) in per-
forming a SHANSEP analysis. The undrained strength profile
presented in Chapter 7 incorporates these DSS findings.
TABLE 6-1 SUIMARY OF NORMALLY CONSOLIDATE CKQUDSS TESTS ON SAMPLES FROM KUIKLUK PROXIMAL
All stresses in kg/cm
2
IN SITU TEST AT th MAX AT th/O' MAX OR y * 30% E5 0 /c
TEST 1 N * OCR c - h 7 h/ -/ - G /v REMARKS
DEPTH M ova * i hap Th 1/P * i vo 0AKDEPT Y% -T2V" a $ y ~I I #(ft) L ) -ova 0 O 4%) 0e 0a v/0p 4) f 0v/Op
DSS-3253-1 9.7 39.0 0.170 1.0 0.302 0.169 295
5.7 36.3 8.2 10.3 0.302 0.554 26.6 24.3 0.169 36.5 51.6
72.2 8 4.6 6.0 -. ___ - 0.5S4 - -0.2281 0.946 __________
DSS-82S3-2 9.7 39.0 0.173 1.0 0.303 0.176 255
5.8 33.5 6.7 12.2 0.303 0.566 26.1 29.3 0.178 33.5 39.9
43.3 8 4.0 8.0 0*566 0.268 0.947
DSS-B2S4-1 12.9 48.3 0.235 1.0 0.243 - 215 Slippage beyond
8.2 39.3 16.5 15.5 0.243 0.560 23.5 - - - 33.8 - 14%
28.7 17 3.6 8.0 0.560 0.965
DSS-82S6-1 17.0 48.3 0.346 1.0 0.241 0.139 460
13.2 41.2 14.3 8.2 0.241 0.532 24.4 30.1 0.139 37.4 39.3
58.2 14 2.8 8.0 0.532 0.182 0.913
DSS-82S6-4 17.0 48.3 0.340 1.0 0.249 0.170 320
12.9 49.9 15.2 9.3 0.249 0.631 21.5 30.0 0.170 28.0 51.3
109.4 14 2.1 5.0 0.631 0.320 0.959
055-83S7-1 27.2 67.0 0.397 1.0 0.228 0.144
16.0 52.6 16.7 13.6 0.228 0.523 23.6 30.0 0.144 30.9 37.9
4771 37 1.3 4.0 .523 0.240 - 0.951
DSS-37-4 27.2 67.0 0.402 1.0 (.60 Slippage at y 374%
16.3 52.1 10.7 0.247 - - Questionable results
45.2 37 1.1 2.0 13.9 0.247 0.718 0.718 19.0
DSS-82S9-1 20.7 52.5 0.497 1.0 0.237 0.162 20
21.0 45.2 11.5 8.4 0.237 0.632 20.5 23.8 0.162 23.8 68.4
64.7 22 1.9 4.0.. 0.632 0.367 0.95
DSS-82S1O-1 16.5 44.9 0.553 1.0 0.246 0.156 365
23.5 49.9 14.6 8.3 0.246 0.613 21.9 29.1 0.156 29.1 55.2
______130.3 28 1.3 4.0 0.613 0.2821 0.955
S36-1 16.5 1S0.3 1.0 0.2321 0.16929FrmSuseal
15.5 30.4 12.3 12.2 0.232 0.597 21.2 23.0 0.169 23.5 40.2 (1964)
7.6 48 2.4 8.0 - - -0.597 - - - 0.388 0.963 __________
S36-2 16.0 49.7 0.437 1.0 0.257 00182 200 From Sauls et al.
15.6 32.9 8.3 13.3 0.257 0.672 20.9 25.8 0.182 24.1 29.4 (1984)
-5.0 48 1.7 4.0 0.672 0.407 0.946
S36-3h 17.2 50.6 0.440 1.0 0.252 0.252 280 From Sauls et al.
15.7 33.2 8.5 10.6 0.252 0.697 19.9 11.9 0.252 20.7 40.1 (1984)
-1.2 48 2.6 5.0 0.697 0.666 0.960
C)
0TABLE 6-2 SUMMARY OF OVERCONSOLIDATED CK0 UDSS TESTS ON SAMPLES FROM MUKLUK PROXIMAL
in kg/cm2
0
1-4
All stresses
IN SITU TEST AT Th MAX AT Th/Q MAX OR y - 30% EsO/cu
TEST 1 N L OCR v - r T - - /
DEPTH Oh Th/**p h T-/ V- REMARKSV I (%) -2pVV0 va V/ (a) @v 0 /Op
DSS-B2S6-1 17.0 48.3 0.344 4.0 0.178 0.137 - Initial Horizontal
13.1 44.9 16.6 10.0 0.712 1.569 24.4 20.3 0.546 25.9 230.9 Displacement is
80.0 14 2.5 2.0 0.392 0.281 0.989 Questionable
DSS-82S6-3 17.0 48.3 0.342 8.0 10.149 0.102 120
13.0 4148 13.6 9.9 1.190 2.376 26.9 24.9 0.815 29.0 103.6
61.8 14 2.8 1.0 0.293 0.184 0.895
DSS-B3S7-2 27.2 67.0 0.399 2.0 0.200 0.152 210
16.1 55.2 17.0 13.2 0.399 1.063 20.6 26.4 0.303 22.3 48.2
56.6 37 1.7 2.0 0.531 0.370 - 0.934
DSS-83S7-3 27.2 67.0 0.400 3.7 0.155 0.108 175
16.2 52.1 15.5 10.1 0.581 1.447 21.9 24.0 0.404 23.5 57.9
45.2 37 1.6 1.0 0.386 0.248 0.903
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CHAPTER 7
COLLECTIVE EVALUATION OF UNDRAINED STRENGTH-
DEFORMATION CHARACTERISTICS
7.1 GENERAL CONSIDERATION OF SOIL PROPERTIES
The Center's second year of experimental activity in
geotechnical engineering has concentrated on laboratory
testing of Arctic silts. A large number of consolidated-
undrained direct simple shear and triaxial tests have been
performed, in addition to oedometer tests and a full range
of index tests. The preceding chapters have analyzed re-
sults from each separate test program. The primary purpose
of this chapter is to synthesize these data in order to
obtain a better overall understanding of the undrained
strength-deformation behavior.
As will be seen, there are still gaps in the available
information and some aspects of behavior are still poorly
understood. However, there are enough data to formulate
some trends and generalizations and to recommend strength
parameters for use in design and analysis.
Based on data from the normally consolidated triaxial
testing program, it was proposed that the deposit be con-
sidered as two soil layers. Material above 11 ft was iden-
tified as Soil A, a highly overconsolidated stratified layer
with low clay content (< 18%), natural water content (< 40%),
and plasticity index (< 17%), and which exhibits a high
degree of anisotropy and some dilatancy when sheared in a
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normally consolidated state. The underlying Soil B, with a
uniform macrofabric, is less precompressed and anisotropic,
is non-dilative, and generally has higher values of the index
properties noted above. A transition zone exists between 11
ft and 14 ft based on its stress history and data from index
tests. It was further suggested based on DSS test results
that the profile above 6 ft contains an even more dilatant
material than Soil A.
Results from the consolidated-undrained triaxial and
direct simple shear tests run on normally consolidated
samples are summarized in Figs. 7-1 and 7-2. Figure 7-2
includes the three DSS and one CKoUE test data obtained by
Sauls et al. (1984) on samples from the M-EBA borings located
north of Mukluk Island on the edge of the Soft Zone Area.
In these plots undrained strength is defined as the shear
stress on the failure plane at failure. Thus, for triaxial
tests cu=Tf"qf cos $', and for DSS tests cu=Tfmth max* The
only exception to these definitions is the plot of Eu(50)/cu
in Fig. 7-1 where, for triaxial testing, cu=qf.
Figure 7-1 shows that dilatant behavior at the Mukluk
Proximal site is concentrated above 11 ft. Figure 7-2 plots
c u/a' versus the Cumulative Index Parameter (CIP). Chapter
u vc
5 concluded that this summation of natural water content plus
plasticity index plus percent clay fraction predicted reason-
ably well whether CU triaxial tests would exhibit dilative
behavior. The dashed lines labelled TC and TE provide an
W
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approximate indication of how c /(vc varies with CIP fromU VC
these two modes of failure. The dilatant Soil A has a CIP of
less than 70%, whereas the non-dilatant Soil B has a CIP
greater than 80%.
The results from the CKoUDSS tests show a different
trend with the Cumulative Index Parameter namely: dilatant
behavior for the two tests with a CIP less than 50%, and
non-dilatancy for the numerous tests with a CIP ranging from
about 70 to 120%. Note that the latter group includes three
tests from Sauls et al. (1984) which had very low values of
wN(= 32.5%) and moderate Ip(a 17%), but a very high clay
fraction 48%. In any case, DSS tests on Arctic silt having a
CIP greater than 75% give a very consistent c /ac of aboutu vc
0.24, whereas the two tests with CIP less than 55% have a
much higher strength, c lvc = 0.30.u vc
Combining these observations on the soil profile, a
generalized characterization of the deposit can be made:
DEPTH CHARACTERISTICS
(ft)
0-6 Very low clay content, strongly dilative
6-11 Soil A - dilative, highly precompressed and
anisotropic, low clay content, WN, and Ip, and
stratified macrofabric
11-14 Transition zone between Soil A and Soil B
14-25 Soil B, non-dilative, lower precompression and
anisotropy, higher clay content, WN, and Ip,
and uniform macrofabric
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The discussion which follows on normally consolidated and
overconsolidated behavior is based on these divisions of
the profile.
7.2 NORMALLY CONSOLIDATED BEHAVIOR
Most of the undrained shear tests performed as part of
Center's laboratory research have been run on normally con-
solidated material. These samples were consolidated to at
least 1.5 times the estimated preconsolidation pressure to
ensure normally consolidated conditions.
Representative stress-strain curves for compression,
extension, and direct simple shear within the deposit are
shown in Figs. 7-3 and 7-4 for Soils A and B respectively.
In these plots the stress-strain data from triaxial tests
were drawn using the relations T=q cos f' and y = 1.5 ca
(undrained condition, v = 0.5). The triaxial compression
(Tc) and extension (te) curves shown in Fig. 7-3 for Soil A
were roughly averaged from the two compression and two
extension tests which dilated. The direct simple shear curve
(Td) was based on DSS test B2S4-l. This is the only DSS test
run on silt from a depth of 6 to 11 ft which is considered to
be Soil A. It also had the lowest CIP for DSS tests that did
not dilate.
The stress-strain curves for Soil B (Fig. 7-4) are also
an average of the tests conducted on soil from below a depth
of 11 ft. All of the DSS tests gave similar stress-strain
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curves and the plotted direct simple shear curve represents
an approximate average of these. The compression curve is
based on a similar average from four triaxial compression
tests. The extension curve was drawn primarily from test
CKCUE-02, since as noted in Chapter 5, this test is believed
to best represent the extension parameters of Soil B.
The following shows the key values from the represen-
tative curves:
SOIL A SOIL B
TC DSS TE TC DSS TE
340 - 280 290 - 330
qf/a' 0.37 - 0.21 0.32 - 0.27
vc
Tf/a 0.305 0.24 0.185 0.28 0.24 0.225
vc
Ypeak(%) 13.5 15.5 13.5 3.0 10.0 21.0
Stress-strain curves have not been drawn for the upper
6 ft of the profile as there are no triaxial tests available
in this region. Neither has an attempt been made to
represent the transition zone in this way, as it probably
involves very large changes over a small region, thus a
generalized curve would have little meaning.
The technique of strain compatibility was applied to
these stress-strain curves, giving the results shown in
Figs. 7-3 and 7-4 by the dashed lines. This technique is an
approximate method which attempts to consider the influence
M
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of anisotropy and progressive failure when selecting design
strengths for undrained stability analyses (Koutsoftas and
Ladd, 1985). The underlying assumption is that the shear
strain along a potential failure surface will be uniform at
failure. If the maximum resistance is simply calculated by
averaging the measured peak strengths for the different
failure modes, the result will overestimate the average
design strength if one or more of the failure modes exhibits
strain softening before reaching the maximum strain required
to attain all of the peak strengths.
The average resistance at any given strain is defined
as Tave = 1/3 x (Tc + Td + Te), and this is the dashed line
shown in the figures. For Soil A the optimum resistance
occurs at a shear strain of 13.5%, with Ta = 0.245.ave vc
For Soil B, the optimum average resistance is 0.238 and it
also occurs at 13.5% strain.
Koutsoftas and Ladd (1985) discuss the factors to be
considered when selecting "design" strains, one being that
the anisotropic strength parameters should be reasonable.
It is also important to evaluate the effects of large
strains on shear strength, particularly any drop in resis-
tance with continued straining (Poulos, 1979). For Arctic
gravity structures which will primarily involve either
lateral squeezing or a sliding mode of failure, special
emphasis should be given to the DSS stress-strain curve.
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The Author selected y=12% for use in design as it:
represents an approximate average of the strains at the peak
td for soils A and B; should be slightly conservative since
this strain is slightly less than the strain at which the
optimum resistance occurs. For both sets of curves, at y=12%
the average resistance is about r/a' =0.24, but with quite
vc
different anisotropic undrained strength ratios as shown
below.
Soil A Soil B
Compression c c 0.305 0.27c vc
DSS 0 /a' .24 0.24d vc
Extension t Ic 0.18 0.20
Average Tave/ av', 0.242=0.24 0.237u0.24
Several comments should be added concerning the stress-
strain curves and the choice of parameters. Although the
recommended average design strengths for both Soil A and B
are identical, it should be stressed that the soils them-
selves are considered to be different materials. As the
above table shows, anisotropy is more pronounced in Soil A
than Soil B.
In both sets of curves the design strain chosen
coincides with the intersection of the average and DSS
stress-strain curves. However this should be considered
more as coincidental than as having special physical
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significance. In Fig. 7-4 Te becomes greater than Td at
large strains. This condition is not considered realistic
and may be due to inaccurate estimates of cross-sectional
sample areas in triaxial testing at these large strains.
The part of the profile above 6 ft could not be
similarly analyzed due to lack of triaxial test data.
The two DSS tests show this material to be much stronger,
c /a' = 0.30, than either Soil A or B. Since the design
u vc
strengths selected for Soils A and B yielded Tave equal to
Td, the same correspondence is assumed to apply to the top
6 ft.
7.3 PREDICTED IN SITU OVERCONSOLIDATED UNDRAINED STRENGTH
The data obtained from laboratory tests on overconsoli-
dated samples of Arctic silt have been considered separately
in Chapter 5 and Chapter 6 for triaxial and DSS results
respectively. Comparison of undrained strengths for the in
situ overconsolidated soil as measured by Recompression
triaxial tests agreed quite well with those calculated via a
SHANSEP analysis (Section 5.4 and Table 5-3). In this
section the stress history established in Chapter 4 and the
normally consolidated parameters recommended in the previous
section are used to develop a complete SHANSEP strength
profile for the site.
As described in previous chapters, the SHANSEP technique
makes use of the equation:
W
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= S (OCR)m
avo
where S = c /c for normally consolidated soilU VC
OCR = a'/a
p vo
m = 0.8 ± 0.05
Figure 7-5 is a profile of the average undrained shear
strength calculated from this equation and the input para-
meters shown in Table 7-1. The values of a' were obtained
vo
from Fig. 3-12. This figure also shows the available a
p
data, which were analyzed as follows:
(1) For the top 11 ft, a' assumed constant and equal
p
to the mean ± one standard deviation based on the
a' values obtained from the room temperature
p
oedometer and DSS compression curves.
(2) The same approach was used to obtain the mean
a I 1 SD at z = 13 ft within the transition zone;
p
(3) Below 14 ft, the measured room temperature a'
p
values were first increased by 13.5% to correct
for temperature effects (see Chapter 4) and then
linear regression was used to obtain the relation-
ship given in Table 7-1.
The S values chosen were those recommended in the previous
section as appropriate for design. A constant m value of
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0.77 was considered reasonable based on results from the
SHANSEP analyses performed in Chapter 5 and the results of
the DSS c /avc versus OCR data presented in Chapter 6. TheU VC
standard deviation range shown in the plot is based on the
scatter in preconsolidation pressure.
As shown in Fig. 3-12, there are sufficient a' datap
below 14 ft to reasonably obtain a continuous SHANSEP cu
profile. Above that depth, the data are clustered between
about z = 5 to 10 ft and at 13 ft. This stress history and
the change in S at z = 6 ft leads to the four zones plotted
in Fig. 7-5. Although this may most accurately represent the
test results, its practical use is limited. Therefore the
Author interpolated strength values where data are lacking
and combined this with the known segments to produce a "best
estimate" of the complete cu profile. The interpolation was
done based on knowledge of the soil properties as presented
in the previous sections. The result is shown by the dotted
line in Fig. 7-5.
The portion of the profile from 6 to 11 ft was computed
using the same undrained strength parameters as for the lower
soil, but the soil in this region is considerably more
overconsolidated with an assumed constant preconsolidation
pressure. The transition layer, from 11 to 14 ft, is
believed to be a soil layer within which very large decreases
in a' occur over a small depth; correspondingly the strength
p
profile changes quite abruptly in this region. At a depth of
M
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6 ft, it is known that the value of S increases signifi-
cantly, coinciding with a decrease in clay content. However
there are no strength data at shallower depths. The "best
estimate" profile was drawn assuming that S = 0.30 applies to
the top 6 ft of the deposit.
The overall picture given by this profile for Arctic
silt next to Mukluk Island is of a highly overconsolidated
upper zone, with several sublayers, overlying a much weaker
material. It is this bottom soft cohesive soil from which
the Soft Zone Area logically draws its name.
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TABLE 7-1
PARAMETERS USED TO CALCULATE
UNDRAINED SHEAR STRENGTH PROFILE
*z in ft
9,*
z pS m(ft) (kg/cm2 )
0-6 0.30
4.0 0.4SD
6-11
0.77
2.58 ± 0.3SD 0.24
11-14 at = 13 ft
14-25 1.14+0.022z
m
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CHAPTER 8
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
8.1 BACKGROUND AND OVERVIEW
In September 1983, the Center for Scientific Excellence in
Offshore Engineering was established at MIT under a five year,
$2 million grant from the Standard Oil Company of Ohio (Sohio) .
The primary purpose of the Center is to conduct research on
technical problems related to hydrocarbon development in the
Beaufort Sea. The Center at MIT supports research activities in
the Departments of Civil and Ocean Engineering related to ice
mechanics, geotechnical, structural, hydrodynamic, and risk and
reliability aspects of offshore Arctic engineering.
The Center's program in geotechnical engineering addresses
research in two areas: (1) an experimental evaluation of the
engineering properties of Arctic silts, and (2) theoretical
procedures for assessing the foundation stability of Arctic
gravity structures. Research on the first topic was initiated
in September 1983 and studies in the second topic commenced in
September 1984.
Figure 2-3 shows selected boring locations from proprietary
programs conducted in Harrison Bay, Alaska during 1982 and 1983.
For these borings, relic permafrost exists at about 70-80 ft
below sea level and the overlying unfrozen Arctic silt is
typically 15-30 ft thick for water depths of 40-60 ft. Within
the so-called Soft Zone Area (SZA), the bottom half of the silt
deposit has much higher natural water contents and lower
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undrained shear strengths than representative of Harrison Bay in
general.
Experimental testing at MIT on the engineering properties
of Arctic silts started in January 1984 using 15 tube samples
supplied by Sohio Petroleum Company from the boring locations
shown as solid symbols in Fig. 2-3. The results obtained on
these samples have been published by the Center in Research
Report No. 1, "Strength-Deformation Properties of Harrison Bay
Arctic Silts" by Sauls, Germaine and Ladd (1984).
In April 1984, the Sohio Petroleum Company sponsored a
special program of undisturbed sampling and in situ testing
conducted next to Mukluk Island (Fig. 3-2). Samples from this
25 ft thick deposit range from a highly overconsolidated low
plasticity silt to a soft uniform clayey silt. This thesis, in
conjunction with a thesis by Yin (1985) entitled "Consolidation
and Direct Simple Shear Behavior of Harrison Bay Arctic
Silts," present the results of research conducted on 20 samples
obtained from the Mukluk Proximal site.
Objectives
The ultimate aim of the geotechnical experimental program
is to develop specific guidelines regarding recommended in situ
and laboratory equipment and procedures to reliably measure
those engineering properties of Arctic silts needed to execute
safe, economical foundation designs of offshore structures.
Specifically, the program seeks to address the following issues
(Sault et al., 1984):
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(1) Why Arctic silts exhibit unique behavior compared to
other offshore sediments, which negates reliance on
past empirical correlations.
(2) What types of in situ and laboratory test programs
should be used to develop reliable estimates of the
initial strength-deformation properties needed to
predict the performance of gravity structures during
and after setdown.
(3) What types of laboratory shear tests should be used to
obtain design strengths in order to evaluate foun-
dation stability against massive horizontal forces due
to ice loadings.
Background of Harrison.Bay Arctic Silts
Chapter 2 describes the Beaufort Sea environment and the
general engineering properties of Harrison Bay Arctic silts.
General soil properties (i.e. classification, index tests and
stress history) presented in Section 2.2 show that the nature
and behavior of the Arctic silts in this region are different
from that of most other offshore deposits. Section 2.3, which
is an abstract of the engineering geology research undertaken at
MIT by Professor H.H. Einstein and Dr. B.E. Novich, examines
some of the mechanisms which could be responsible for the unique
behavior of these silts. Section 2.4 describes and discusses
possible shortcomings regarding the geotechnical investigations
conducted previously in Harrison Bay. These programs largely
used the same "conventional" techniques of in situ and
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laboratory testing procedures developed for the empirical design
of pile supported platforms in the Gulf of Mexico. Section 2.5
describes the SHANSEP design methodology (Ladd and Foott, 1974)
and the Recompression testing technique (Bjerrum, 1973) that are
investigated in this research as potentially better methods for
evaluating strength parameters compared to previous procedures.
Section 2.6 is a summary of results from the first year of
research conducted by Sauls et al. (1984) on the soil properties
in Harrison Bay.
Scope of MIT Test Program
Tables 3-1 and 3-2 summarize, by boring, the tests
performed thus far on samples from the April 1984 program. Each
sample was radiographed, and classification and strength index
tests were run on most samples. In addition, organic matter,
salt concentration, mineralogy and 14C dating were performed on
selected samples.
Twelve conventional incremental oedometers were performed
at room temperature on the lower nine samples from boring B2.
These tests, which each included one unload-reload cycle, were
conducted to determine the stress history and consolidation
properties of the deposit. In addition, a temperature
controlled oedometer test measured the sensitivity of the
preconsolidation pressure and compressibility to ambient
temperatures. A pair of oedometer tests were performed using
the MIT Lateral Stress Oedometer (LSO) to measure values of Ko
as a function of overconsolidation ratio (OCR).
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Three sets of Ko consolidated-undrained triaxial
compression (CKOUC) and triaxial extension (CKOUE) tests were
run on samples reconsolidated into the normally consolidated
range. Two triaxial tests (CKcU) were anisotropically
consolidated using a simplified Ko consolidation technique.
Several Recompression triaxial tests were performed on soil at
varying depths to directly measure in situ undrained behavior.
Two isotropically-consolidated triaxial compression (CIUC) tests
were also completed on normally consolidated samples.
Thirteen Ko consolidated-undrained Direct Simple Shear
tests (CKoUDSS) were completed. Normally consolidated tests
were performed at six depths to check if Arctic silts exhibit
normalized behavior and to evaluate the influence of soil
variability on undrained behavior. These tests also provide
representative anisotropic stress-strain properties when
combined with the CKoUC/E test results. The effect of OCR on
strength was studied at two depths using the SHANSEP
reconsolidation technique.
Finally, the results from the consolidation, triaxial and
direct simple shear test programs are collectively evaluated in
order to present recommended normalized undrained strength
parameters for design and to develop a SHANSEP strength profile
for the Mukluk Proximal Arctic silt deposit.
8.2 INDEX-CLASSIFICATION PROPERTIES
The sample location and scope of the MIT laboratory testing
program are described in Chapter 3. Figure 3-1 shows the soil
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profiles of 20 tube samples from two borings obtained for MIT
from the April 1984 test program conducted off the south edge of
Mukluk Island (boring locations are shown in Fig. 3-2). All
samples were radiographed at MIT in order to detect zones of
disturbance, presence of gas pockets and soil macrofabric. A
series of classification and index tests, including Atterberg
limits, grain size analyses, organic matter, salt content,
natural water content, Torvane strengths and preliminary
mineralogical analyses, were performed on most samples. In
addition, detailed mineralogy and 14C dating were obtained on
selected samples.
Section 3.3'summarizes the April 1984 field program. Acker
type fixed piston samplers were used as opposed to push samplers
used in previous programs. The most significant finding is the
increase in the total recovery by fixed piston sampling (96%)
compared to push sampling (50%). Also, the fixed piston
technique yielded three times more high quality soil per tube
length than push sampling with little increase in time.
The results of classification tests and compositional
analyses summarized below are plotted in Figs. 3-5 to 3-11. In
general, the two borings tested at MIT (B2 and B3), located 10
ft apart, show a consistent trend with depth. Grain size
analyses indicate the deposit to consist of essentially two
layers. Samples above 14 ft have mostly silt size particles
with about 15-20% sand size and less than 15% clay size. The
lower layer has a finer grained silt fraction and significantly
more clay size (25 to 35%).
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In general, the index-classification testing on Mukluk
Proximal Arctic silts yielded the following results:
(1) The Atterberg Limits generally plot slightly below and
parallel to the A-line and hence are classified as
ML or MH soils (Fig. 3-8).
(2) There are trends with depth as opposed to the random
scatter measured outside of the Soft Zone Area. For
the Mukluk Proximal deposit, there is an increasing
water content and decreasing undrained strength to a
depth of about 15 ft, whereupon the water content
decreases and undrained strength increases below this
depth (Fig. 3-5).
(3) The plasticity index is strongly related to the clay
size fraction (Fig. 3-10). The lower layer has a
higher clay content and is more plastic than the upper
layer.
The pore water salt concentration generally decreases with
depth (Fig. 3-11). A more specific description would be that the
upper 5 to 8 ft are salt rich (above 35 g/1); the intermediate
zone is at the concentration of sea water; and the lower zone is
salt depleted.
The organic matter was found to be fairly uniform at about
3.5% throughout the depth (Fig. 3-11). The underlying
permafrost below 25 ft had less organic matter.
The clay minerals present are illite, chlorite and
smectite. These are representative of the sediments transported
by the Colville River.
M
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8.3 CONSOLIDATION TEST PROGRAM
The consolidation test data obtained on the April 1984
samples are presented in Chapter 4. This test program consisted
of: (1) room temperature tests to determine the stress history
of the deposit needed for settlement and SHANSEP analyses; (2)
one temperature-controlled oedometer test to measure the
sensitivity of the preconsolidation pressure and compressibility
to ambient tempreatures; and (3) Lateral Stress Oedometer tests
to measure values of Ko versus overconsolidation ratio. Also,
alternate methods for determining consolidation parameters and
preconsolidation pressures were considered due to the unique
behavior of the silt samples.
One temperature controlled oedometer test on a high water
content lower layer material indicated that tests at room
temperature lead to preconsolidation pressures about 13% lower
than at the in situ temperature (0*C). Based on results from
Sauls et al. (1984), temperature probably has a negligible
effect on preconsolidation pressure within the more silty upper
layer material.
Oedometer tests and the consolidation phase of DSS tests
performed to determine the stress history show the deposit as
two distinct layers, separated by a transition zone between
about 11 to 14 ft. Within the upper heavily overconsolidated
layer, the preconsolidation pressure is scattered but essen-
tially constant with depth (4.0 ksc ± 0.4 SD). Temperature-
corrected preconsolidation pressure data (neglecting one
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previously frozen sample) in the lower layer indicate a slight
increase with depth that can be represented by a'p(ksc) = 1.14 +
0.022z (ft). This linear regression line corresponds to OCR =
3.4 ± 0.5 SD.
The Rectangular Hyperbola Fitting Method (Sridharan and
Rao, 1981) was considered as a possible method for determining
the end of primary consolidation and cv values for the upper
layer material because of problems encountered using conven-
tional time curves. This method was deemed unsatisfactory since
it overestimated the compression at the end of primary
consolidation by about 50% compared to conventional methods on
lower layer soil that had well-defined time curves. The dv
values obtained were also much too low compared to the
Casagrande and Taylor methods.
The Strain Energy Method (Crooks and Graham, 1976) produced
reasonable estimates of preconsolidation pressure when compared
to estimates by the Casagrande technique. However, this
approach gave questionable results when used to estimate the in
situ vertical and horizontal stresses as proposed by Golder
Associates (1984).
The coefficient of earth pressure at rest, Ko was obtained
from Lateral Stress Oedometer and Ko-consolidated triaxial
tests. The Ko for normally consolidated soil in the upper layer
is 0.56 ± 0.05 SD and in the lower material is 0.59 ± 0.05 SD.
These values are consistent with Ko versus Ip data on cohesive
soils summarized by Mayne and Kulhawy (1982). But the Ko values-
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from the triaxial tests plot slightly to significantly above the
Jaky (1944) expression, Ko = (1-sin *') t 0.05 SD.
8.4 CONSOLIDATED-UNDRAINED STRENGTH TESTING
The program of consolidated-undrained shear tests had the
following scope and principal objectives concerning the
undrained stress-strain-strength characteristics of Mukluk
Proximal Arctic silts. In general:
(1) CIUC tests for comparison with prior data;
(2) Normally consolidated CKOUDSS tests to check whether
or not the soil exhibits normalized behavior and the
variation of undrained strength ratio throughout the
profile;
(3) CKoUC and CKoUE tests for comparison with the above
tests to evaluate anisotropy;
(4) CU triaxial tests to evaluate potential errors by
using a simplified Ko consolidation procedure;
(5) Overconsolidated CKOUDSS tests to obtain overconsoli-
dated undrained strength ratios necessary for a
SHANSEP analysis;
(6) Recompression triaxial tests to measure in situ over-
consolidated undrained shear strengths for comparison
with those predicted via SHANSEP.
Triaxial Program
The principal results and conclusions from the triaxial
test program presented in Chapter 5 are as follows:
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(1) The simplified consolidation technique for running
CKOU triaxial tests is worthy of further study.
(2) Comparison of undrained strengths measured in three
Recompression tests with those predicted by SHANSEP
indicates that the SHANSEP technique provides a
reasonable estimate of the in situ strength of
overconsolidated Arctic silt.
(3) The Cumulative Index Parameter (CIP), which equals the
sum of the natural water content plus plasticity index
plus percent clay fraction (-2pm), provides a
reasonable indication of whether CKoU triaxial tests
run on normally consolidated samples will exhibit some
dilatancy during shear. Samples having a CIP greater
than 80% did not, and those with a CIP less than 70%
did show some dilatancy.
(4) Representative data for OCR=l CKOU triaxial tests were
developed for dilatant and non-dilatant behavior,
which corresponds to Soil A from z = 6 to 11 ft and
Soil B below 14 ft, respectively. They are:
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Dilatant (A) Non-Dilatant (B)
Parameter
TC TE TC TE
qf (a'vc)
Af
'max
9
0.37
1.0
340
340
9
0.21
0.9
280
280
2
0.32
1.0
29.50
320
14
0.27
0.9
330
330
.1 1
Soil A has a much
expressed by Ks =
higher degree of anisotropy than Soil B, as
qf (E)/qf (C) = 0.57 and 0.84, respectively.
Direct Simple Shear Program
The principal results and conclusions from the CKoUDSS
program presented in Chapter 6 are as follows for tests run
normally consolidated samples:
(1) Two tests run on soil from z = 5.7 ft, and having
very low CIP of less than 55%, yielded a high
undrained strength ratio, cu/a'vc = 0.30 where cu
Thmax.
(2) The six tests run on soil from greater depths, and
having CIP values ranging from 70 to 117%, yielded
very consistent stress-strain-effective stress
behavior. Representative parameters are:
test
on
a
"
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Parameter Peak Max. Obliquity
Y(%) 9.5 25-30
cu/0'vC 0.24 0.15
4 = arc tan Th/0'v 22.50 300
The hyperbolic stress-strain curve can be represented by
Gi/a'vc = 48 and Rf = 0.95.
Test series run on samples overconsolidated by the SHANSEP
method yielded a very consistent increase in cu/a'vc with log
OCR for silt having a relatively low CIP. The series on high
CIP material were less consistent.
Collective Evaluation
Chapter 7 presents a collective evaluation of undrained
strength-deformation characteristics from triaxial and CKoUDSS
tests. Based on evidence from the stress history (Chapter 4)
and the strength testing program (Chapters 5 and 6), the deposit
is viewed as having four separate layers. Combining observa-
tions on the soil profile, a generalized description of the
deposit can be made:
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DEPTH (ft) CHARACTERISTICS
0 - 6 (surface) Very low clay content, dilative,
high precompression
6 - 22 (upper) Slightly dilative (triaxial), high
precompression, highly anisotropic,
low clay content, wN and Ip.
11 - 14 Transition zone
(transition)
14 - 25 (lower) Non-dilative, lower precompression,
less anisotropy, higher clay content,
wN and Ip.
A detailed evaluation of undrained strength results was only
possible for the upper and lower materials.
Since the OCR=l samples exhibit reasonable normalized
behavior, representative stress-strain curves for compression,
direct simple shear and extension tests within the deposit
(shown in Figs. 7-3 and 7-4 for upper and lower material,
respectively) were obtained. In these plots, the stress-strain
curves from triaxial tests were drawn using T = q cos *' and
Y = 1.5 ca-
The strain compatibility technique was then applied to
these stress-strain curves. This technique is an approximate
method which attempts to consider the effects of anisotropy and
progressive failure when selecting design strengths for
undrained stability analyses (Koutsoftas and Ladd, 1985). The
underlying assumption is that the shear strain along a potential
failure surface will be uniform at failure.
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The average resistance at any given strain is defined as
Tave = 1/3 (Tc + Td + Te). For the upper material, the optimum
resistance occurs at a shear strain of 13.5% with
Tave/O'vc = 0.245. For the lower material, the optimum also
occurs at y = 13.5%, with an average resistance of 0.238.
Section 7.2 discusses the rationale underlying the selection of
y = 12% as the design shear strain. For both layers, the
normally consolidated average strength at this strain level is
T/0'vc w 0.24, but with quite different anisotropic undrained
strength ratios as shown below.
T/a'yvc
Mode Symbol Upper Lower
Compression Tc 0.305 0.270
DSS Td 0.245 0.240
Extension Te 0.180 0.200
Average Tave 0.243 0.237
The following summarizes application of the SHANSEP
technique to develop an undrained strength profile based on the
average '/a'vc for the three modes of failure. Table 7-1 gives
the parameters used in the equation:
cu/a'vo = S(OCR)m
where S is the undrained strength ratio at OCR=l and
OCR = a'p/C'vo. Values-of preconsolidation pressure were
obtained from Fig. 3-12. The results are plotted in Fig. 7-5.
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8.5 FUTURE RESEARCH
Excellent progress has been made during the Center's first
two years of activity. However, more testing and research are
necessary to accomplish the ultimate objective of developing
specific guidelines regarding recommended in situ and laboratory
equipment and procedures to reliably measure those engineering
properties of Arctic silts needed to execute safe, economical
foundation designs for offshore Arctic gravity platforms. Table
8-1 summarizes the scope of the research that was initiated in
January 1984.
The research to date has concentrated on Phase A, with
Tasks 1 to 5 nearly completed. The following gives specific
recommendations regarding five areas of Phase A.
(1) The data from the program must be compared to results
obtained on silts from other sites within the Beaufort
Sea. A comparison with CIUC data is necessary since
prior data indicate that undrained strengths measured
in CIUC tests will seriously overestimate in situ
strengths appropriate for stability analysis. In
addition, comparisons with other CKoU data should be
made to determine if a relationship exists between
index tests and undrained strengths as well as assess
the overall variability of the area.
235
(2) Perform Constant Rate of Strain Consolidation (CRSC)
and permeability tests on upper layer samples to
obtain better coefficient of consolidation and
permeability data. Also, perform more tests using the
Lateral Stress Oedometer (LSO) to obtain better
estimates of the coefficient of earth pressure at
rest, Ko.
(3) Despite the extensive test program to date,
considerable CU testing is needed to more
completely understand the behavior of Arctic silt.
Specific tests include:
" CKoU normally consolidated tests to
investigate the influence of macrofabric,
liquidity index, water content and clay
fraction;
* CKOU tests to measure the effect of OCR;
e Triaxial Recompression tests to better define
the in situ undrained strength profile of the
deposit.
e Recompression tests using the CKOUDSS to check
the applicability of the SHANSEP technique;
* Further analysis of triaxial tests
consolidated using the simplified method.
(4) Comparison of the design undrained strength profile
estimated from laboratory results with a profile
obtained from in situ tests; i.e. field vane,
pressuremeter and piezocone.
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(5) Continued efforts in Task 6 by comparing predicted
field performance using strength-deformation
properties from laboratory tests with the measured
performance of Mukluk Island to evaluate the
parameters needed for the foundation design of Arctic
offshore structures.
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Table 8-1 OUTLINE OF PROPOSED RESEARCH
(Taken From MIT Sea Grant Proposal)
January 1984
PHASE A: Composition and Basic Strength-Deformation Properties
1. Radiography
2. Compositional Analyses and Dating
3. Environmental Factors and Consolidation Properties
* Temperature effects e Preconsolidation pressure (a'p)
* Freezing & thawing * Coef. of earth pressure at rest (KO)
4. Ko Consolidated-Undrained Direct Simple Shear Testing
* Normalized behavior 0 Recompression vs. SHANSEP
* Effect of OCR testing procedure
5. Initial Undrained Strength Anisotropy
* Triaxial compression/extension * Effect of OCR
6. Predicted Initial In Situ Strength-Deformation Properties
* Comparison with existing geotechnical data
* Predicted vs. measured performance
PHASE B: Resistance of Foundation Soils During Ice Loading
1. Consolidated-Undrained Direct Simple Shear Testing
* Behavior of normally consolidated soil
* Effect of OCR
2. Tests in Shear Device(s) With Known Stress Conditions for Soil
Modeling
PHASE C: Guidelines For Recommended In Situ and Laboratory Equipment and
Testing Procedures
1. Sampling Techniques, Temperature Control and Consolidation
Properties
2. Initial Undrained Strength-Deformation Properties
3. Strength Gain and Resistance During Ice Loading
4. In Situ Testing
111111
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APPENDIX A
CONSOLIDATION TESTS
The tabulated results and figures for the consolidation
tests performed on the Harrison Bay Arctic silts from the
1984 test program can be found in the thesis by Yin (1985)
entitled "Consolidation and Direct Simple Shear Behavior of
Harrison Bay Arctic Silts".
244
APPENDIX B
CONSOLIDATED-UNDRAINED TRIAXIAL TESTS
B.1 EQUIPMENT
The triaxial cells used in the testing program were
Model WF10200 manufactured by Wykham Farrance Eng., Ltd.,
Weston Rd., Trading Estate, Slough, England, SLl 4HW.
Modifications were made to the cells at MIT. Figure B-1
illustrates the modified cell. The cells were calibrated
with respect to piston weight and area at the start of
testing and as necessary throughout the test program.
Pore pressure and cell pressure were measured during
testing with 200 lb/in 2 capacity pressure transducers
manufactured by Data Instruments Inc., 4 Hartwell Place,
Lexington, Massachusetts (successor to Tyco Instrument
Division). These Model AB tranducers are rated accurate
within 1% of full scale from the best fit straight line
including non-linearity, repeatability, and hysteresis.
Vertical loads on the piston during shear were measured
using Data Instrument Model JP load cells with capacities of
200 lb, 500 lb, and 1000 lb depending on the estimated
sample strength. Maximum hysteresis and non-linearity
combined for this model is specified as 0.15% of full scale
with a repeatability of 0.05% of full scale.
Vertical displacements were monitored using DCDT's
(Direct Current Displacement Transducers) Model 7DCDT-500
manufactured by Hewlett Packard, Medical Electronics
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Division, 175 Wyman Street, Waltham, Massachusetts.
Volume changes were read and recorded manually. Measure-
ments were made using a double burette system containing
silicon oil and water developed at MIT. Each system had two 2
cm3 capacity burettes marked in 0.1 cm3 divisions.
Two thin membranes were placed around each soil sample.
Trojan Latex Condoms No. 75 manufactured by Young Rubber
Co., Trenton, New Jersey, were used for this purpose.
The output from electronic instruments was recorded
automatically on disk using MIT's Geotechnical Data
Acquisition System. This system is made up of a Hewlett
Packard HP87 Computer and an HP 3497A DA/Control Unit. Data
was transferred manually to MIT's main frame IBM computer
system and reduced using a program written at MIT.
B.2 Data
The tabulated results and figures for each of the
triaxial tests performed on the Harrison Bay Arctic silts
from the April 1984 test program are given in the succeeding
pages. Some data from the earlier 1984 (Sauls et al.)
program have been included for the purpose of comparison.
The data are presented in the following order:
(1) CIUC tests
(2) CKoUC tests
(3) CKOUE tests
(4) Simplified CKcU triaxial tests
(5) Recompression tests
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(6) Comparison of CKOUC and CIUC tests
(7) Comparison of Simplified and l-D K0 tests
For each test four pages of tabulated data are given
which include a summary of index parameters, test
conditions, and consolidation and shearing results. Plots
of A, obliquity, and pore pressure changes versus axial
strain are included for each test series. Chapter 5
contains the stress-strain curves, stress paths, and modulus
plots for these tests.
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B 9
- Z,
CONSOLIDATION DATA
STRESSES IN
STEP I 2 3 4 5 6 7 8 9 10
(vc .o o l.i 2.0 4.0 6.o s.o
(7 c 0.50 1.0 2.0 4.0 6.0 8.o
to (HRS) 1+ 22. 14- 13 25 32.
La (%) 04. .8 .s 2.6 3.3 +4.
EvoI(%@) , 1 2 0 3.9 6.8 8.4 o.2.
K C 0  . 1.o 1-0 1.0 1.0 1.0
STEP If 12 13 14 15 16 17 Is 19 20
vc 
__
tc (HRS)
KC
STEP 21 22 23 24 25 26 27 28 29 30
a'vc
cr'0hc
te (HRS)
Kc
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M. I.T.
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT sO'1 TYPE OF TEST-C.L)C .TEST NO.
Time E (Fv-.~h U- q PAE(hr) (%) - 4 A
0.0 o.0o -0. oo qA00 -- -0.006 0A14- - 0.000
1.1 O. i 0.213 O0.15 .25 .32 0.10- 0.952. 459.9 0.24-
15 0.7- o295 -- - -- 0.48 -- 5.q 0.5 0.4
1.8_0.33 0.391 
-
-- 
-- o 
-- z95. 0 _.4
2.1 0.4-, c.436 
- - . 0.566
2.* o.3?4- o.5E8 
- - - o.259 - 178.2. 
__._9
3.2 1.0 
- - -- 0.29 
- 143.9 0.-b
4.,_ 1.7+ 0.63 
-
-- 
- .3b 16 
-2.9 0.
q-6o- 63.0 1 0.64-. 2.A3 0.93 0245 0-403 57--+ .839
2-6-7-2 0335 0. 6-L -3.1o5 0. 67 0.694- 0,4S
3 ,8 6. oo 0.744- o.69 3.32 O.A 0.3'2. 0.6q3 31 9 0.95
22. 9.2pq35 o.619 3#42 0-88 0.387 :0.1 20.4 .995.____ ___-33 ______ o.679 __.+__ 
___a__ 
_.3__-_0____09
7 0398 337 0.86 0.389ggr 
.9
3.4 0% o62 336 0-6 .389f 1.1 -t9 1000
.% C8 z. 6 381 0.-+13 _+.b 1.000
4,434 on.669 3.14 
.6 038P 
.2 14.0 . 99
14sa o.669 3.3+ 0 .b 0:38<9 o.-31 13.s5.4
0 26.32 .6 0,38+ 0. -q1 )3.1 %q. 5
__-__.6 3.7-I O ? 0381 n 13 O.9190
~+. n. 0.663 3 25 o.68 o.389 0e 1 . 0.03
22.04- O--6 o.65 3 .09 . o.ss oo0 1 0.102
-' 03.31 0. 68 3.05 o.A4- 035P o.693 i4g
_4-3 
_ _. _ o.6 z.94 0-A 0.341 .2.e
s __b____n o.6ss 2.96 0.P7 0:38 09623 6.98
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M.I.T.
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CONSOLIDATED -
PROJECT 90\\
SOIL TYPE AcT C 6'T
LOCATION UuKLU: "PIOXi
BORING NO. ~ SAMPLE NC
DEPTH 16.- r-to 3 'LOJ V
WATER CONTENT.
INITIAL, BASED ON TRIMMINGS -- %0
INITIAL, BASED ON SAMPLE %
FINAL, BASED ON SAMPLE 4
PHASE RELATIONSHIPS
4'WET 1630 knd13 obo {m5
Si 7jA % Sprecons 92.3 %
GRAIN SIZE
% -'200
% -2p 28
Cu Cc
UNDRAINED TRIAXIAL TEST
TEST NO. C KU-O5
TYPE OF TEST OUC CL-)
MAI- APPARATUS NO.
. . TESTED BY
DATE
ATTERBERG LIMITS
wp
WL */0
?-3. %f IL-
MISCELLANEOUS
B %6.o
SATURATION 6V o.lOc-rr"
CONSOLIDATION &V
MEMBRANES ... THICK a2w....THIN
CORRECTION FACTOR .2 /
FILTER STRIPS X C
CONFIGURATION V rT C A
CORRECTION FACTOR o6__ kg_'/%d
AREA CORRECTION
SAMPLE APPEARANCE
U)NFORM
INITIAL,FRONT FINAL, SIDE
FINAL AREA
TOP
MIDDLE
I _ _4-
.J BOTTOM
Y V54.
A/RAGE
COMMENTS NO APDPRET TMil)?RE
oR(3#ANY:- G Rowrr A o N
pt-kR E
MsM eA0A1 bUi~Wi(, Th$TIN C,.
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
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CONSOLIDATED - UNDRAINED TRIAXIAL TEST
PROJECT so2o TYPE OF TEST C'0' TEST NO. C-' 03- 
STRESS HISTORY
IN SITU CONDITIONS
pr .1 0.+4- kg lcm
OCR *3. :e.
TEST COND1TIONS
Ioap
OCR
a. so /cm
2. 60 m ?c vZ-
TORVANE STRENGTH
TORVANE Wc %
Kco b 2 0 /cm Z
STRAIN RATE 1' s %/HOUR
FINAL e0 24.8
STRENGTH
AT MAXIMUM q
640
q/(rc----
vuah c
q.8~
O.3l~-
DATA
AT MAXIMUM OBLIQUITY
% So
--.-- /vc
-- au -aWh/vC
C' 6~2~
-~.- 4-
2 C~
TIME TO q 1mx
TIME RECORD
SET UP
START OF CONSOLIDATGON 6'i'/ i
START OF SHEAR
END OF SHEAR
REMOAL n/z8
TOTAL TIME IN APPARATUS '9 'P L
CONSOLIDATION''tSHEAR At 50 I*0 iNO
REMARKS
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M.I.T.
HYPERBCLIC STRESS-STRAIN PARAMETERS
o.9q2
RADIOGRAPHY
kV I 60 mA 3.8
EXPOSURE TIME 30 4-.
-LOAO'L.
4-
.
,
11.0Z
Gi /crvc
Rf
Sheet 3 of 4
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CONSOUDATED - UNDRAINED TRIAXIAL TEST
PROJECT so"IO TYPE OFTEST C1uc TEST NO. c-'uc.-0s
SAMPLE DIMENSIONS
L A V
(0 vol w
INITIAL e.ooa o.36 ______.6 0.00 0.00 134.4
PRECONSOLIDATON .004- 10.3 b 62.8p 0.0 0.02. I34.sb
PRESHEAR -64-3 q. 54- 7f2.+ +.4-9 11.9-+ 124.6z
POST SHEAR 6..26 + 1230 18.1  2 ,+g 24.6-C
FINAL .14- - - 28.+-+ -
FINAL MEASURED 3 101 . 64.4-2 30.4 22.?5 f2.
E5
Lp
STRESSES IN
CONSOLIDATION
1(aIf~A
STEP 1 21 3 4 5 6 7 8 9 10
a vc o.261 o.446 499e i.+98 2.ooo) 2.so
7h 0.24'4 0.500 1.001 1.493 2.000 2.soI
tc (HRS) 3 5.- 1%2 8.2- 16.o 1_._
La (%/) 0. 041 1.54 2.66 31-1 44A
Evo(% 1.3 22 5.41 4 .95- ro.2 7- 1.9'It
K C 0b 0,cA 0,98 1.00 !.0 1.00
STEP I 12 13 14 15 16 17 18 19 20
vc-
01'he
tc (HRS)
KC
STEP 21 22 23 24 25 26 27 28 29 30
vc
'hc
te (HRS)
Kc
GEOTECHNICAL
DEPT. OF CI
LABORATORY
VIL ENGR.
M. .T.
E~(
col
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT SOH'1 TYPE OF TEST c c TEST NO. C'UC-03
Time 6 C cr- ( h"- q p
(hr) (%) 
_vc 
_'_ A h 
_ 
-
0.00 n-C 0.00% 0.000 1.00 
- .0 1..000000
0.30 0.02z oo5 0.031 1.06 ,.6+ 0 021 09z 11561 0.9 OqI
. 5_ 0 0.04- 0.01- 0.06b 10 0.62 o-. o.c8 3  s61.o 0.152
N 50 0.0s o.A65 0.19 I .19 0.4Z 0.082 0,163 6Z5.6 o.z6o
!'00 0.13 0,Z14- 0.163 i.26 0.46 0. 01 0.94-3 503.9 0.334
_.__ 0-Z3 0-2.82 0.229 1.3- 0.91 0.t+1 o.'1:2 322.4- 0.445
2.5) r.5 o.,36 0.353 1.6 0.81 0. "18 M.45 234.4 0.62.5
4.00 1. '. 1.9 ? OA2I i.9b 
_ .ql 0.2.4-9 o.--68 1+.1 0.787
_._o_. 
_ r.5ii o.5JZ 233 1.01 0.234 0;412 q1.-
Cf._ 36 0.639 2.69 1.0+ 0.306 o.667 58.4 0.9
3-0s0 
_ 6_+ o.67f 
_ .95 1.08 o.314- o.635 3 .4 0.q94
)098 308 0-314- o,616 26,4 o.qq Z
-. 1 -34 3.22 .3 .3 1 o.60z 2.m. I.000
22 24 0;123 3.22 ._8 0.07 0.54 I5.9 O.90
!0027 3.21 ?.20 z.302 0.55 13.0 0 z53
A. -20-.3.ob I. as O.29: 0.6 .3 .3
9__ __ 
__24_ 3.03 
__.2.9_ 
_ .20_._6_..__g
51.00 23.l 8 .4 0228 3.01 I.33 o2r+4- o,546 
-5 0,6
54.30 4.?6 riA- 331 299 i f 0.2 1 o.s67 62 0.+
GEOTECHNICAL LABORATORY
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CKOUC TESTS
0 0 0 S 
0 0
8.00 12.00 16.00
AXIAL STRAIN ca (%)
4.00
3.00
-r 2.00
1.00
0.00 4.00 20.00 24.00
0 0
ah B 00
.60
a' .40
vc
13~
.20
K CKUC-01 (UPPER ZONE)
a CKUC-03 (UPPER ZONE)
0 CKUC-05 (UPPER ZONE)
4CKUC-07 (LOWER ZONE)
0.00 
- ____Ia____ a a 
A I I A
0.00 4.00 8.00 12.00 16.00 20.00 24.00
AXIAL STRAIN Ea (M)
0 0 0 0 0 0 0
8.00 12.00 16.00
AXIAL STRAIN ca (%)
<-i
l1
2.00
8.00
6.00
4.00
0.00 4.00 20.00 24.00
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CONSOLIDATED - UNDRAINED TRIAXIAL
PROJECT SoI-lo
SOIL TYPE ACTIC S1LT
LOCATION MU'.LUK 15L-AjND
BORING NO. M+ SAMPLE NO. 5
DEPTH '2-lrT BELow\ $uo'L
WATER CONTENT
INITIAL, BASED ON TRIMMINGS ?
INITIAL, BASED ON SAMPLE 4. %
FINAL, BASED ON SAMPLE 31.8 %
PHASE RELATIONSHIPS
(WET IDRY
e i _ _ _' et 1.02-
Si % Sprecons %
Gs
GRAIN SIZE
% -'200 100
%-p
Cu C C
TEST NO.
TYPE OF TEST
APPARATUS NO.
TESTED BY
DATE
CKDUC-O1
C.KnOUC (L)
bps
84-/03
ATTERBERG LIMITS
Wp 3q.5 -%
WL 54.6 %
p O% IZL
MISCELLANEOUS
&01
SATURATION &V
CONSOLIDATION &V
MEMBRANES ......... THICK THIN
CORRECTION FACTOR
FILTER STRIPS X
CONFIGURATION
CORRECTION FACTOR
AREA CORRECTION
SAMPLE APPEARANCE
FINAL AREA( )
INITIAL, FRONT
I I
I. . I .
INAROT
r... . -
INAIE
I-----'
I I
I I
I I
I I
I I
I I
I I
I I
I I
FINAL, X-RAY
COMMENTS
GEOTECHNICAL LABORATORY
DEPT OF CIVIL ENGR.
M.I.T.
TEST
TOP
MIDDLE
BOTTOM
AdERAGE
m
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CONSOLIDATED - UNDRAINED TRIAXIAL
PROJECT 01.0 . TYPE OF TEST Cz:0UC, TEST NO.
TEST
cUo c- o I
STRESS HISTORY
IN SITU CONDITIONS
I.ok /cm
1.00OCR
TEST COND1TIONS
0c
OCR
.+k kh'z
TORVANE STRENGTH
TORANE We %
STRENGTH
AT MAXIMUM q
So
cl/o',~
U- 6h /avc
49
10-
0.-318
0.6+5
a.5 0ez 't'5 0
1.08
TIME TO qmax
KC 0-84- 1 Ub 2.00 kgkrn
STRAIN RATE 0- %/HOUR
FINAL 60 /1%
DATA
AT MAXIMUM OBLIQUITY
14.S %1% 6a
--- O- doh /C'C
230
TIME RECORD
SET UP s4-loZ/ze
START OF CONSOLIDATION
START OF SHEAR
END OF SHEAR 8+1"4 19
REMOAL
TOTAL TIME IN APPARATUS
CONSOLIDATION"SHEAR At
HYPERBOLIC STRESS-STRAIN
Gi/ 'vc
Rf
r2
PARAMETERS
36.2.
o'qq ?
RADIOGRAPHY
kV m A
EXPOSURE TIME NOW
REMARKS
Tes-r FORMEL'f MOVJJ A5 T c.- MC_ D5- |
TEST-PECOON E4 b.P. s~r~ COMPLETE DATA~ UNAQJN Amt 3
e., 1,*il
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M.I.T.
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CONSOLIDATED - UNDRAINED TRIAXIAL TEST
PROJECT SOH2O TYPE OF TEST CK0 -0cTEST NO. i(KUC-02I
SAMPLE DIMENSIONS
L
(crm )
A
( cr7 ) I
V
(CmE)
w
( )
INITIAL 8.018 10.11 _ 1.+-_ 0.00 0.00
PRECONSOLIDATON
PRESHEAR 4.108 10.40 - 3 .9 11.35 9. 2'_ _
POST SHEAR
FINAL
FINAL MEASURED
E
Lm00
- E
CONSOLIDATION DATA
STRESSES IN
STEP 1 2 3- 4 5 6 7 8 9 29
v c 0.500 0.50 O.00 1.250 1.600 i . 02.0 80 0
ohc 300 0.350 O.000 0.3? .280 k57+ V.3? 2.1- 1 2AO 370
tc (HRS) 3.00 2,00 a-3o 28.6 2A- 38.0 35.2 33.S 35.1 96.0
0 () .190 .93 - .956 2 0 . 4.-4 4.660 .6 ~
6 vo1(%) 0.360 0.21 1.2.62 j~)O -,.52 - 3.5 . 3.929 4.93 4.73
K C 1.000 1.000 0.9 0150 0.800 0.830 0.S50 0 o.86o o.843
STEP I 12 13 14 15 16 17 I8 19 20
c
1hc
tc (HRS)
Vo (%)
6 v01_ (%) __ _ __ _ __ _ __ _ __ _ __ _ _ _ _
Kc
STEP 21 22 23 24 25 26 27 28 29 30
0,Vc
alrhc
te (HRS)
6 a (%)
Kc
GEOTECHNICAL
DEPT. OF C
LABORATORY
IVIL ENGR.
M. I.T.
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT SO1'O TYPE OF TEST CKUC TEST NO. C'( 0 uc-oj
Time ea v-a A q u- 
___
(hr) (%) 
____ 
_____ 
_ 
_cc tr q
0,00 o.1no o.oo6 1.ZO3 --- 0.s 0.qza -,ooo
0. 11 0.289 0.061 t.369 . .2 0.14 o.2- 390,+ o.z s
C.- +0 0-A4 0.163 1.6O8 0.630 0.20~+ 0,688 201, I o.523
1.75 J 0.5+5 0.350 2,103 0.898 0.27'Z o.924 6.7 0.S04-
3.26 0.588 0,43 1 .2 0.9 -9 .7% +. ~
4.2 .608 1.,.65 04-0 335 06? 2. .5
643 o.bi1 0491 Ob. 0.30 o.659 2+. ,.
_4.95'. 0.6z6 0.50-+ 1 .,0= 0.313 o.6r0 'p.6
7._ _ _ o.634- 0.56 1.080 0.3+ . 1.)5 -.-
10.29 0 .6 3,& o1is.o04* is 26 4. .0
i .06 r.636 c2- 2.6s6 1.oM9 0.3S o.6390 -.- -
12.61 0.633 S.2 6 2.988 .FO2 *-4 o.6.1 -0
14.-0' .31 0.525 2.980 1.104. .3 6 O.635 -
14.53 0.35 6.528 3011 1.104 C.31-4 o.633
____ !_.32 
__.633 0.52'8 3. 1.108 0.316b o.b632
!__ _ _. _ _._2 0.521 ~ 2.Jt -12.0 :1.313 O.63O 
-
_____ _ 8.45 0.6b9 0.529 2 1 . 14-I 
_____o 0.625
I20.8 c.6 - ,26 :;.'2' 1.15-1 0.310 0. 62- 5
2-2.4 
__-__ 0.523- ;.en~ 1.200 T'-2'98 o-6 5
23.6 '. 0.2 csb 282 1.232 
.2n1 , s
5.55 c.569 0.525 2.~486 .241 o255 20 3 -
______ 1Z (.-1 )-521 2. 6-b6 1.355 oZ-23 -'.3 43 --
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
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CONSOLIDATED - UNDRAINED TRIAXI
PROJECT SoHIo TEST NO.
SOIL TYPE ARCTIC 5LT TYPE OF TEST.
LOCATION MUKLUK 1MA4. APPARATUS NO.
BORING NO. MP-b2 SAMPLE NO. 4- TESTED BY
DEPTH -t BLOUJ 'OOUNe DATE
WATER CONTENT
INITIAL, BASED ON TRIMMINGS W4.8 _%
INITIAL, BASED ON SAMPLE 3 %
FINAL, BASED ON SAMPLE +
PHASE RELATIONSHIPS
&WET tDRY 1-28o0
e i 1.15 o.98
Si 91-4 0 % Sprecons 9. %
GS 215 ACJ$VMED
GRAIN SIZE
% -y200 76
% -2p 15
Cu ____ CC c 3,4
AL TEST
CKoUC -03
CloUC. (0
wrr -6
v0 DA
ATTERBERG LIMITS
Wp 355.0 %/*
WL +6.8
338 *.@ 'L o.34a
MISCELLANEOUS
B -. %
SATURATION V 0.31 Crn3
CONSOLIDATION &V 6.66 cm3
MEMBRANES ........ THICK ? THIN
CORRECTION FACTOR -
FILTER STRIPS B X "4CA
CONFIGURATION VEsWTeC.A-%.
CORRECTION FACTOR -406-k/%e
AREA CORRECTION PARABOLIC
SAMPLE APPEARANCE
INITIAL, FRONT
r- ~I
I I
I I
I ~.4O-r I
I ~
I I
I I
I I
I I
FINAL, SIDE
FINA
tA, r V.zow, N EK-E
FINAL, X-RAY
L ARE A
TOP
14.56
MIDDLE
BOTTOM
E3.G
A)ERAGE
COMMENTS 0j6MNlC- C,1OWT$ - ~ORIN6 ThS 1NG.
MO FALUmE -LANE APARE'T-
BULLs AtT c-ENs-rER O: SAMPLE \PJt-IN A CONFINEt BANt.
GEOTECHNICAL LABORATORY
DEPT OF CIVIL ENGR.
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CONSOLIDATED - UNDRAINED TRIAXIAL TEST
PROJECT SO1O TYPE OF TEST cI4Ac TEST NO. ~
STRESS HISTORY
IN SITU CONDITIONS
3.3 k/3 3 Vh
OCR 2-
( VO CO iDATION')
fti rt5C
TORVANE STRENGTH 0' 5.*kICr
TORNE Wc 31 .6 %
STRENG
AT MAXIMUM q
q/w ww
Ouvg oc
0.362.
35.
1.03
TEST COND11TIONS
I'f 8.oo0 kg h m0vc
alp1 Do kq /cwnz
OCR 1.00
KC 0  Ub2.ookgrn?-
STRAIN RATE 0. .%/HOUR
FINAL F3 q.' %
TH DATA
AT MAXIMUM OBLIQUITY
o .625
h c
46 135.+*
TIME TO q1m 16.6 woo Eu(50/qf
TIME RECORD
SET UP -- a+/09/
START OF CONSOLIDATION !84l09/18
START OF SHEAR s+l olo6
END OF SHEAR I'CIC
REMVIL W101'
TOTAL TIME IN APPARATUS .0 -A'_
CONSOLIDATION-SHEAR At 2o smuTeS
HYPEROLIC STRESS-STRAIN
Gi la'vc
Rf
r2
PARAETERS
0 ,qq
RAWIOGRAPHY
kV IbO mA 3 -
EXPOSURE TIME 30 60 v 'so
REMARKS
TEST FORME.RLM KNO\WN AS TRI -BZ-S4--2.
POBLEMbs wiTei VALVE LEAVAGE AT 5TAT O= TEST.
C. P .6 ,'/
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M.I.T.
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CONSOLIDATED - UNDRAINED TRIAXIAL TEST
PROJECT SOHIO TYPE OF TEST C< 2C- TEST NO. CKQC -03
SAMPLE DIMENSIONS
L
( -m )
A
(cm'2 )
V
(em )
(b)
%O/) (*Ib) w
INITIAL 8-02Z1 -26 to 2.2 0.00 0.00 4 5.58
PRECONSOLIDATON S.02z o.26 92.z- 0.00 0.00 14 5. 69
PRESHEAR -+.355 10.1 4.82 &54- O.10 139.03
POST SHEAR 5.-58 13.88 '+.4 3.?- 6.24- 1390 3
FINAL . - -- 26.03 39.03
FINAL MEASURED 5.928" 3.OI __3_._ 2"6.0 1o .26 s,31-.24
J
', -
09 a
STRESSES IN
CONSOLIDATION
142 /cm
DATA
STEP I 2 3 4 5 6 7 8 9 10
WVc 0.512 0.401 o.600 0.9Z 1.001 I.I19 1393 1.680 10a 2,109
he'_ _ 0.215 0.380 0.5. o 72 0900 0.960 1.123 1.P4 1.424. 1.472
tc (HRS) 2.0 2).0 5.0 zi.0 14.0 12.0 20.0 .0 16.0 1.0
do (%) 0.09 0.22 0.52 o.90 1.20 1.53 i.6 2.24 2.53 2.98
'evo I( ) 05-,-.6 o1 .4- 07 8 5. LS 2.Z)
K r 0.135 0.934- o.60 0.974 0299 0.905 O.sob 0 69 0.749 0.6i)
STEP 11 12 13 14 15 16 17 18 19 20
( vc 2.39q 2.403 3.094- 3.65.3 4.151 4.654 5.14- 5.599 >.002 6.516
0hc 1.560 1.372 1.954- 2.264 2.614 2.865 3.113 3,299 3.598 3.873
te (HRS) 13.0 23.0 -+2.0 14-.0 14.0 3+.o iso Z9.0 13.0 130
6 a (%) 3.18 3.55 +.59 5.00 5.45 5.90 0.4-0 .94 -4.14. 7.44
6 vol(%) z.55 3.10 3-74 4.21 4.73 5.23 S.V 4>:34 .bo 6 .9
K c 0.650 o.692 o.b3 0.62') 0.63 61.' o.60s o.s&i o.600 0.594-
STEP 21 22 23 24 25 26 27 28 29 30
-
vc 
-+.00 -49 
- -.
008
Ohc 4.135 4.+lb 4.0_+ _
te (HRS) 13.0 12 0 z0.0
60a (%) -. 1o 0 .23 s.54
£vol(%) 133 .:8 S.10_
Kc o.51O I.T! 0.s8
GEOTECHNICAL LABORATORY
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT -- O TYPE OF TEST 2 TEST NO. Cl-ouc.-o-l
Time Ea 0(7-c'h)'(&u-A 07P Euq(hr) (%) c c h A 0
0.00 0.00 0.41 0.000 o.0 - 0.206 0.e4 - .00
or+ 0.01 04.29 .o .4 0.64- 0.214- 0.12 391.Z 0.o
0.30 0.04 0.+61 o.026 82 0.5's 0.230 0.93 360,3 0. 58
0.43 0.09 0.05' OAS 1.A 1 O.54 0.2.4~+ o:90 2.98.3 __.22
0.43 0.2.1 0.56z 0101 2.16 o.68 o.281 o.-6-+ 1I.q9 0.482.
1.03 0.3"+ .. 0.135 2.32. 0,-+3 0.219 0.-+51 13S.5 
_.5_92
1.4 5 o.bO o r8 2.53 0,84- 0 .33 o22. ? o,634.
2.28 1.0b o.66 o-229 2.83 0.14- 0.322 0.684 63.6 0.-+1__
3.6 _._2.. 0.275 3.18 1.03 0.340 0.663 __8..5 ___
6.+1 334- 0_ o.30- 3.48 1.o~# 0-34 o.630 23.6 o A
?. 8 6.111 _.- o.31q 3.64 1.0+ o03ss o.624 6.i Q.- >
___.__5 6._~_ _. __ 0.323 3.13 .05 0.361 o.62 s2.+ >
7.s_ _._____ 0.321 3.42 103 0.362 0.629 9.5 o
Z1.+ 4- . 0-315 3.65 1 2 0 360 0.633 -+. ___
2-1.-5 l5.+2 0.b92 0.301 3.48s 1- 1 o.3+.6 o.624 5.0 ___
34.42. 19.31 0.660 0.30~. 3.35 1.24 0330 o.61 3..
GEOTECHNICAL LABORATORY
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M. I.T.
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CONSOLIDATED - UNDRAI
PROJECT SOHO
SOIL TYPE ARTcr' 5-ILT
LOCATION MUUK WI( PO4Mi-
BORING NO. M-52- SAMPLE NO. 5
DEPTH 11.0 F1 'BELO MU01AIS
WATER CONTENT
INITIAL, BASED ON TRIMMINGS 42.6 o%
INITIAL, BASED ON SAMPLE 438 %
FINAL, BASED ON SAMPLE 3*
PHASE RELATIONSHIPS
'WET izokg kn3 Iqo kg /m
e i _._50e _ 1 __1-
Si q2.3 % Sprecons 23.6 %
2.75 A~SuMED~
GRAIN SIZE
% -'200
% -2p4
Cu Cc
NED TRIA)
TEST NO.
TYPE OF TEST.
APPARATUS N(
TESTED BY.
DATE
TEST
c1ouc -(s
WE - 4-
9DA
ATTERBERG LIMITS
Wp 32 %1
W %
.% IL
MISCELLANEOUS
B 9/.
SATURATION &V 0.6' cm3
CONSOLIDATION &V 9.+z.
MEMBRANES ...J.....THICK .2- THIN
CORRECTION FACTOR - -
FILTER STRIPS X 114 I*CH
CONFIGURATION V '
CORRECTION FACTOR o.+o64-k<. ;
AREA CORRECTION pARAB('
SAMPLE APPEARANCE
r " -'* I
NEA'N4IL'4
LAV EtrEDM
NTLFN
INITIAL, FRONT
FINAL AREA
Ot AoYe ZONrCms
TOP
I ~ MIDDLE
BOTOM
FINAL,X-RAY 1,0".
AERAGE
COMMENTS SAMPLE SWE.LLF) DWRINC. " fRi MMll.J
K1NAL SAMPLE \gAJA A.S5'4METRiC.
No xasu~E PeANe s A NTw.
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CONSOLIDATED - UNDRAINED TRIAXIAL TEST
PROJECT SO1O TYPE OF TEST v 0 uC- TEST NO. Cv..0 UC.-os
STRESS HISTORY
IN SITU CONDITIONS
v'o o.3o kg /c
ffa -J* - ____ J cm ;
OCR.
TORVANE STRENGTH NOT VOe
TORANE Wc o
STRENGTH
AT MAXIMUM q
TEST CONDITIONS
47 5.0vc
op R5.0
OCR I.0
o k IcL
o
KC Ub 2.oo19k1(
STRAIN RATE "- , %/HOUR
FINAL 1 a;.0 %
DATA
AT MAXIMUM OBLIQUITY
q/ac
uOh 10c
TIME TO qm
%/
0 309q
o.sq
TIME RECORD
SET UP 84/Io/z
START OF coNsODAT 64-/10/29
START OF SHEAR 9/11l05
END OF SHEAR e+/tuflop,
REMO4L 94- /1
TOTAL TIME IN APPARATUS '3 2AS
CONSOLIDATION'SMEAR at 60
REMARKS
TES7T FORrAERLY( 4OWJ M 2
HYPERBLIC STRESS-STRAIN
Gi /cr'vc
MRAMETERS
0.955
.. Iq
r2 on-rS,
RADIOGRAPHY
kV ibo mA 3.6
EXPOSURE TIME 30 60 90 120 s to14R.
LOA: C.eLL uJA5
Ci F=8?.6%
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M.I.T.
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CONSOLIDATED -
PROJECT SOIO TYPE
UNDRAINED TRIAXIAL TEST
OF TEST C(oUC- TEST NO. o"~O UL
SAMPLE DIMENSIONS
L
(c.n
A
(cmz )
V
(cmn3 )
E(% 6Vol(b)
(%/)
w
( 9
INITIAL -4.9_6 10.34 C 2.68 1 .00 0,00 14-1.85
PRECONSOLIDATON -q3 '0.3+ S2.65 0.0 o o 1+2.4-6
PRESHEAR +- l- 10.32. -+.2- q,q6 i -iq 114.04-
POST SHEAR 5.5;; 14-.52* 90.q6 30.z- 2.08 134.04-
FINAL s.5-+6 - -- 30.24 - 13+. 04-
FINAL MEASURED 5 101 301 .-+9 2-. +g 26.40 '35.3
F.1
0
STRESSES
CONSOLIDATION
ka / v2
DATA
STEP I 2 3 4 5 6 7 8 9 10
vc 0.435 0.5AO 0.-54 OA4-5 .1 1.391- 1.67; ,.9q' 2.6 2 3 3
fhc 0.401 0.4-84 0.540 o.bZ 0.702 O.S46 O.q4Z 1. log 1.30 .56q
te (HRS) 12.5 14.0 11.0 13.0 11-S +.5 5.5 11.0 5.0 5.S
cc (%) 0.27 0.5s 0.91 1.41 .+ 241 2 .4 3.8 .8 0 5.4
&vol(%) 0.33 0.14. 1,0 1.61 2.08 2.69 3.21 4.15 4.8 6?.04
K O I 0 szo 0. 6 0.6c4 ?.r 9 .6 n . . - . .
STEP I1 12 13 14 15 16 17 18 19 20
0 vc 3.401 3.00 4.398 5.000
a'hc 1.823 2056 2.306 2. 6___2
tc (HRS) 13.0 9.0 1).0 25.0
6 voI(%) .30 ra) a 10._
KC .6 .52 7 .524 0.530
STEP 21 22 23 24 25 26 27 28 29 30
a'vc
O'hc
te (HRS)
6 o(%) _______ ______ _
Kc
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT 500I TYPE OF TEST Cipuc-. TEST NO.
Time E v- 4h AU-A A
( hr) (%) orhc _____ 
__vc _____ qf 4qf
o.oo 0.00 0.440 0.000 1.29 o,23 0.+65 - O.000
O0s 0.01 o.4-24- 0.003 .Z 0,ZZ. 0.24-2 0,768 66o.0 ",0
o.- 0.03 0.50,9 0.014- 091 0.3 _ 0.25+ 0.169 4-52.9 C.zs
0.6o -1 o._5S 0.04-3 2 14. o.5 O.298 0,%4 236.6 o.524-
1.00 o.28 .53? 0.06 2130 0.66 0 .21 4  0,146 13-50.0 O.____
1.50 n.5 I .60n 0.0991 2.41 0.73 0.303 0.433 A3.- 0.831
2.00 
_._5 0.615 0.12Z 2.51 0.85 CX30 o.I4- 60.5 0.8I
3.00 .4 0625 o.t52 2.66 0.99 0.313 o.690 38.5, 0.9+9
5,00 6.29 .633 0.194. Z.67 _.19 0 3 o,6.sz 2.2.4- 1.000
_.00 1sh ., O23 3 0,3 1.34- 0,36, o.268 133 9qq.
n..00 5.%5 -- h i >-35 3 14 1.4 0.315 0.609 _._ &.82
15.00 ~____9 4.62~. 0.243 3. i.5% 0 313 .59 . 0.49
is__.Do __._ _ -3.6 0.248 3.T20 g 02 .30 o.590 ___ __ ____ _0
2.c.0 '3.+5 0.e .24-9~ 3.__8 _____ ,____ __.__% +,2 o2__4-
24, 00 0.24-4 1.9 Z ,02 O.SV) 3.+ _-_9_
+.00 :3.5 DS'? 0-.57- 3. 2 2.14- P - 2_ _.72_
30.0 5.0 -5-4- 0.15_0 ?-1 2. 0o28Z 4.6 12 06
.3 0 .5 0.61 0.252 -2 Z.9o 0.2O n. rT R.___
36,00 0.Y9 N.46 5.251 2,96 3-33 0.Z73 "*j >.3 _.4-6-_
39-00~ '9.60 0.521 .2-5_ o 2A 1 4.31 65.
42.00 2 .. 5 -. 5 3-.250 2.8 5.59 0.258 . . .-
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CONSOLIDATED - UNDRAiNED
PROJECT -20 ' TE
SOIL TYPE ACTI C SILT TY
LOCATION MUktuI'Y V*o% MAL ' AP
BORING NO. "P-2 SAMPLE NO. G'+ TE
DEPTH 1+ -T 8ELOW MUL!' DA
WATER CONTENT
INITIAL, BASED ON TRIMMINGS 529 %
INITIAL, BASED ON SAMPLE 65.- ON
FINAL, BASED ON SAMPLE 52.9 %
PHASE RELATIONSHIPS
isooa Iml. qookg lrn&'ET 'tDRY
i 2.04. ? _
Si . % Sprecons
GRAIN SIZE
% -'200
% -2p.
65
28
Cu C C
TRIAXIAL
ST NO.
PE OF TEST.
PARATUS NO.
STED BY
TE
TEST
VW - 6
4-A
ATTERBERG LIMITS
wp
WL 6-%
l, 2q. S %
MISCELLANEOUS
B %
SATURATION &V
CONSOLIDATION &V
MEMBRANES .. THICK 2. THIN
CORRECTION FACTOR 2 4
FILTER STRIPS X
CONFIGURATION v*TI c At
CORRECTION FACTOR o.4064.k '"
AREA CORRECTION PAA'-
SAMPLE APPEARANCE
AVAILABE
t1 I
FINAL, SIDEINITIAL, FRONT
FINAL AREA
TOP
MIDDLE
io.66o
~ BOTTOM
INAL,X-RAY O.z
AERAGE
COMMENTS 5A4MPLE HAV A LA'ER OF OR&AI,4C MATTEP. NEAR THE 13TTOm AtJ _
M11DOLE o LrOte SAMPOe. SE o LIu' r) Ad-Jt sI- LSAOs '-loEceAertE
"DSTINICT FAtt.URE PLANG. AT 140 FROM \JERTRlAt, %Vk LMOAJLa FART N SA"' .
qwo-%sis\-f ovs s At/r Au.v vu&k-1ss .we .
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CONSOLIDATED UNDRAINED TRIAXIAL
PROJECT SOICO TYPE OF TEST CKouC- TEST NO.
Sheet 2 of 4
TEST
C. K 0 UC-
STRESS HISTORY
IN SITU CONDITIONS
1 ~~0.4-1 i AYi
Op
OCR
TORVANE STRENGTH NOT DONS
TORANE Wc
STRENGTH
AT MAXIMUM q
ou0h avC
.o
0.,31 q
o.636
0.2+2
3010
TEST CONDITIONS
c 2.52 ko /cvc
2.52
OCR -
Kc .6 b .o-k k
STRAIN RATE 0-5 %/HOUR
FINAL e '5.96 %
DATA
AT MAXIMUM OBLIQUITY
% so
Sc
u 61 / vC
2'0 %
0.301
3.54-
34-.6*
1.2.3
TIME TO qm 3.5 1-bugs 345
TIME RECORD
SET UP 4./I IZ
START OF CONSOLIDATION 84/1 l
START OF SHEAR / z1o
END OF SHEAR
REMOAL 0+/1/zs
TOTAL TIME IN APPARATUS 'b Ds
CONSOLIDATION"SHEAR At 3'i0 TES
REMARKS
TtI FORME90 o4wA AS MW- B2.--S -s2
THERE 3AS A-,- INTCRMAL LEA, (tN, THE
HYPERBOLIC STRESS-STRAIN PARAMETERS
G,/prI 'x
G.q52
.. ,I
r2 Q~qq79
RAOIOGRAPHY
kV ibo iA 3.8
EXPOSURE TIME 39 4-5- 6c0 seco.sos
NOT acouJ LuTit MA~~Fjj(\~ -. ~ -4 IL t ,.C
5NE ARiNC \AJA~s ~DN 'Old - A ..A RCC Sir 'E(\LL ABO\'JE 7/C GOA
CELt TO BREAK MoM NT S.
WAItJRE PLANE FORE iT\JLFJ) 5O/b At-4% : 1/o AxIAL. STrAW.
eg 12.o
CA-= 123.2010
GEOTECHNICAL LABORATORY
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CONSOLIDATED -
PROJECT S0t 0 TYPE
UNDRAINED TRIAXIAL TEST
OF TEST CSYoUC' TEST NO. 5o
L
(cm
SAMPLE DIMENSIONS
A
c n)
V
ecml
Eg(b) vol(b)
(L%)
w
INITtAL S-014. " 10.45 84.S9 0.00 0.00 126.-40
PRECONSOLIDATON 3.04e 10.4s 8+42 0.20 oao
PRESHEAR -.038 )o.1b . 13.04- 14-.68
POST SHEAR 5.914- 13. 00 2.6 a 3 ?
FINAL 5.116 269FINALM__ -5-8'5 -. 3_.__ -
FINAL. MEASUREiD 58 O 22 3.8 Z.4 14.? I'$
STRESSES IN
CONSOLIDATION DATA
Iqla -~n
STEP 1 2 3 4 5 6 7 8 9 10
vc 0.2&3 0.303 0.336 0.440 0529 0.64.5 o.-484- o.98 s.30 0 650
Shc 0.24-1 0.264 o.293 0.332 O.375 0.+3 0.532 0.631 0.,68 :
te (HRS) S.b 5.5 11.5- 8.0 ".0 10.0 3.s +. 0
a (o/) 0.35 0.53 o.s6 1.30 1.54. 2.50 3.02 S . .
Evo I) N. 0.22 0.63 L."I 1.34 4.34- 5.04 .39 ' -
K r, on r.257 0.g0 0.94 0.709 0.02 0.6-4 O-632 0.591 o nl
STEP II 12 13 14 15 16 17 18 19 20
vc 2.001 2.521
_ he_._54- i.408
t c (H RS) 5. 22.5
ea (%) 1024- 13._ 
__
vol (%) 1243 +68
K C .1 0-8
STEP 21 22 23 24 25 26 27 28 29 30
o'hc
te (HRS)
e a (%)_____ 
____ ___
Vol
Kc
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT s0IA* TYPE OF TEST c-'- TEST NO. 0C -0~;
Time e0  (AU-A AL _
(hr) (%) CT c 4 vc 
_ h I____vc 
______ qf 
____
0.00 0.00 D.4 42 0.000 -. + 0.221 0.~ -4- 0.000
0:30 o.o6 0.524- 0.04-2 2.0q 0.50C 0.262 0.1;9 424.8 0.420
* % A 17 025 0.58+ 0.0'3 2 z6 0.&+ 0.2?4 0.+sq 1o.' 2 0-?42
1.0__ O 0.45 o.6o8 o.12- 2.4-1 . 0.304- .436 115.1 0. RE
-___ O-5 o.621 0.161 2.56 o.A0 0.311 0.70 75.1 0.9_6
2 1.05 0.6z9 0.189 2,-40 1.01 0.315 0.6a4- 560 0o53-.
3. .bb 0.636 0.228 2.I2 1.- 0.318 0.64A 36.8 0.9e3
I35 q.6 o.638 0.242 3.01 1.2-3 o3 o o.636 31.5 1.030
*.) 2.59 o.635- 0.264. 3.lb 1.36 0.318 0.6k12 z35 o.
6.30 3.50 n-636 0.Z86 -3.31 '.4b 0.318 _._4_ 1.5 .
9.00 O.29 .bz 0.310 3.53 i.b5 0.31+ ____ n . A.6
12.00 7.3 .6 0.323 3.6z 1.84. o.301 3.544 . __.__9_
15.00 S.M 604- 0.32 2.60 2.00 0.302 0534- 5. __-_ S 0
119.00 . 0.582 0.328 353 2.33 0.z9 I 0-52l 4.2 0.-'4
21.0 . 0.5 I .3 3.+_ 3.07 0.Z1 0.49 2.8 s
22. 35.3 0.535 0.'338 3.43 3.60 0.26 . _ ___.4?-
24.00 14.23 0.5I /).343 3.4-0 4.54 025 OA-14. I "- *.335
.: 50 _._42 3.34w 5.25 :.23 0.440 - ___. _
._ _ __ __.3+_ _ 3.30 _.43_. _ __.4 __6 _ _. _ _02
__ _ _ _ _ _ _ _ _ _ _ __ 
_ _ _ .e
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CKOUE TESTS
2.00 ,--
1.50
r 1.00
h
0 CKUE-04 (UPPER ZONE)
.50 - 0 CKUE-06 (UPPER ZONE)
A CKUE-08 (LOWER ZONE)
0.00[ II
0.00 4.00 8.00 12.00 16.00 20.00 24.00
AXIAL STRAIN ca
0 0
.20
.10
Au 
-
h.
vc
-. 10M
DCKUE-04 (UPPER ZONE)
o CKUE-06 (UPPER ZONE)
A CKUE-08 (LOWER ZONE)
-20
0.00 4.00 8.00 12.00 16.00 20.00 24.00
AXIAL STRAIN ca M
S0 .0 0
2.00 ,-
1.50
~ j~1.00
00
.50
a CKUE-04 (UPPER ZONE)
o CKUE-06 (UPPER ZONE)
A CKUtE-08 (LOWER ZONE)
0.00-
0.00 4.00 8.00 12.00 16.00 20.00 24.00
AXIAL STRAIN ca M
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CONSOLIDATED - UNDRAINED TRIAXIAL
PROJECT
SOIL TYPE ARC-I)C- SR-r
LOCATION MUKLU'PROC'MAL
BORING NO. P-SZ SAMPLE NO. 4-
DEPTH SA- rT BELcOW MO*t*46
WATER CONTENT
INITIAL, BASED ON TRlmiMINGS 3-O %
INITIAL, BASED ON SAMPLE % V.
FINAL, BASED ON SAMPLE 30.8
PHASE RELATIONSHIPS
(WET kDRY 'kl
Si S+.3 % Sprecons 21 /
Gs 2.-4 Assumen)
GRAIN SIZE
% -'200
% -2 *15
Cu ~~ C c
TEST NO. -
TYPE OF TEST.
APPARATUS NO.
TESTED BY.
DATE
C <UE -0 4-
cMue (kj )
wJt e -4
4A
84 9
ATTERBERG LIMITS
wp 33.?-
WL % I5 -12.8 * 0 1 .063
MISCELLANEOUS
B 9-9
SATURATION & -afem'
CONSOLIDATION &V 6.6+<mn
MEMBRANES 2....THICK a THIN
CORRECTION FACTOR 1742 Lq /'e
FILTER STRIPS 4- X 14IN","-
CONFIGURATION
CORRECTION FACTOR 0
AREA CORRECTION C
SAMPLE APPEARANCE
L ~AN L'1
LA m-
INITIAL, FRONT
I I
NOT I
FINAL, SIDE
DAPRKzoaJE5 FINAL AREA
I TOP
MIDDLE
BOTTOM
FINAL, X-RAY -
A/ERAGE
COMMENTS ~A~LL1~ PtA.NC ~N TO? 'T~W?~
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CONSOLIDATED - UNDRAINED TRIAXIAL TEST
PROJECT eOH'O TYPE OF TEST C- TEST NO. C K60E -04-
STRESS HISTORY
IN SITU CONDITIONS
(T vl 0- /cj
3.+ ka lcm 1
OCR
TORVANE STRENGTH o.6
TORANE Wc 4.40 /0 %
STRENGTH
AT MAXIMUM q
*1.
TEST CONDITIONS
Ovc
OCR
ki cn
.0
KC 0.52 Ub 2-0A3/ciy
STRAIN RATE o.- .%/HOUR
FINAL 6e0  -in64- -0
DATA
AT MAXIMUM OBLIQUITY
r -17-257 f
-
00 -
-A0.zo--
quoh c
or so.6*0
04(
-0.0 -
30 o
0 92
TIME TO qmax 1:. Hnoos 46o
TIME .RECORD
SET UP 84 09 3
START OF CONSOLIDATION S cf
START OF SHEAR 1 , 6
END OF SHEAR
REMOAL
TOTAL TIME IN APPARATUS .
CONSOLIDATION"SHEAR At
HYPERSOLIC STRESS-STRAN PARAETERS
Gi /avc
Rf
r2 o.er
RADIOGRAPHY
kV P/Ro T mIM A .
EXPOSURE TIME 30o 60212 s '2Ss
REMARKS
TEST FORMERiLY V(WOvJAJ A$ TRI-'2-S4-3-
FAI..uRIE 9kN E TN BE Tu'\JE- fd 8.0 A N n 110% 3AviA e s-T=A I=J-
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CONSOLIDATED -
PROJECT so'o TYPE
UNDRAINED TRIAXIAL TEST
OF TEST '-oo TEST NO.
SAMPLE DIMENSIONS
L
(cm )
A
(cof
V
(cml ) (%)
Evol() w
INITIAL .qq o .7z 85.bo 0.00 o.co 1491+
PRECONSOLIDATIN f184- Io.72. s 59 0.o6 0.00 iso.6
PRESHEAR ++6 I0.59 4.95, 6.e-3 -6 143.
POST SHEAR .*353 9. +- . -4.s6 1. 4- 1+3.e
FINAL S.356 - - - +.7 -- I+3. q-
FINAL MEASURED '763 7-J 9 51 .s1 - T o.90 1+5. bq
OU a-~£~
e S .a
STRESSES
CONSOLIDATION DATA
c/ ent
STEP 1 2 3 4 5 6 7 8 9 10
_ 'vc 0.+_9 SO.86 O.78Z i.ozo .Ie 1.+1 ;s 1.646 zio Z 2436
.c 40 0-58b 0.703 0272 0984 1.064. m; 1.3 1ss4- 1.479
te (HRS) 29.0 14.0 11.0 zio io.o 17.0 12.o 26.o io0 tOO 8
£a (0/0) 0.21 0.32. ods6 o oa -q 99 26 1.43 .. 3 .q- 2.4R
evoi(%) 0.40 o.- o;,I 1 43 u.0 U.9 2,1 z.44- 2.6cs - -.
K , 0-q84- 1.00 ? S .3s5 o.z35 os o.-+ 0.7co T.44.-.
STEP II 12 13 14 15 16 17 is 19 20
avc 2-4- 3.280 5.806 4-.272. 4,112 5.076 5.S19 5.9*7 6S20 697?
'e i i SP 2.0q8 2378 Z.4s6 2.703 2l3 -3.121 3.389 3 624-
t c (HRS) I4.0 'sQ- 10.0 Is.o z1.o 13.0 zs.o 2.s0 36.0 14..0
7e.(%) + - 165 4.z 4.64 +.82 s.u 5.46 s.94. b20
6vol (%) 3. 3.89 432 4..!+- S.20 543 5.89 6.37. 6.8o ?.09
Kc oAs'6b 0,566 2tSS . 0 cs37. o.531 0.S2-L 0.520 0s'
STEP 21 22 23 24 25 26 27 28 29 30
a- - - - -CA - - --R
o'hc 3 2- 4.126 -
tc (HRS) 14.o 22.0
6a(%) 6.-z 6.83
Vol i(%) 41 796 ___
Kc 0-R 0-54
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CONSOLIDATED-UNDRAINED TRIAXIAL TEST (continued)
PROJECT 50 TYPE OF TEST c-4a TEST NO. CXo'QF - 04-
Time ea a u-& Ar q p _
(hr) (%) a-_c 1'_c A
_____o 
____o o,+___ -___o_..93 
--- __ t).-24 0.9758 - oo0.00 0.00 0. 442.? - 0.00?. 7.3T ____ ________ 
___ 0
o.Ao -0.01 0.+5 -0.008 .966 0.76 .is6 o.-+ z19- 0.033
o.-1 -0.04. 0.38. -o .ois .o 0.759 0.I o.?31 1 182.4- o.11Z
0.3+ -0.08 0:1117 -o-o3s u.56 0.11f o.I38 0.36? 100q.3 0.1I
0.53 -0.14 0.249 -.- 043 1447 0.32.1 0.124 0.622 8rq.4- o.z62
0.7O -0o.I 0.990 - 0.O46, 1339 0.843 o.o0q5 o. bsb be .6
1.00 -0.34 0.100 -004 1.11- O.174- o.0so 0.614- . 4-9 3 o "t3
1.4 -o s o.00l - .049 .003 0.93 oo +2o8s5 +28.9 o.s -
2.32 - 0.q9 -0.2lo - o.ob 0.8 .9+43 -0. 43 o.+9 in. 3  .673
3. -1.6 -o.1b8 -o.o3 O,599 o.7- -o.goi o.42- 193.) os
4.2 -.8 -.. ,2s3 -0.004 0.slo o.1"90 -0.126 o396 15S6.2 z .2
&.32. -:3.10 -0.28-) -0.006 0.4so o-q3 -0-.1 341203 o~
834. - +.16 -o. 32: - 0042. 0,391 0.986 -o.6 36 95 ->
11-34- -5.13-+ - .3 60 -,o35 034" 0.q58 - g80 0o.-370 6195 .+
IS83 -,34 -o.407 -o.Os-Z 0.37-+ o.9- -0. I o.396 s.3 o.9.2
l-4.0 --.. 15 .. 04.94. -0.099 rV32; 0.29Z -o,2D0- 0.+06 43D [.ooo
1983 -A-9 -0407 -o-1oo 0V338 o.a8& -. 204. o4-t 43.2 0'3
20o-1b -10.7 -C.3 - o 0363 1.? -S 0. 403 9
2' 3 - v , 6* - .351 - O. 0 s3$' . 0.922. -. 9 40j 
_ g
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CONSOLIDATED - UNDRAINED TRIAXIAL
PROJECT 9OH10
SOIL TYPE ARCTic, SILT
LOCATION "V LUY. PAMAt-
BORING NO. MP-S:- SAMPLE NO. 5E
DEPTH O-~4'T VEOW MODLtJS
WATER CONTENT
INITIAL, BASED ON TRIMMINGS 39-3 %I
INITIAL, BASED ON SAMPLE 9 %
FINAL, BASED ON SAMPLE 5- %
PHASE RELATIONSHIPS
WET bok Ws so Iw3
ei 
-11 et 77
S % 5moCmm Sprecons /
Gs .IS Aso0me2
GRAIN SIZE
% -f200
% -2p1
C u Cc
TEST NO.
TYPE OF TEST.
APPARATUS NO.
TESTED BY.
DATE
co-o 6
C koU6 (U)
A FE -~4
ATTERBERG LIMITS
Wp 31-6 %/
WL 44.4 %
'p '-* % IL
MISCELLANEOUS
B ic'z
SATURATION 46/
CONSOLIDATION V -16
MEMBRANES ..... Q.....THICK 2.THIN
CORRECTION FACTOR i-47-kG 6
FILTER STRIPS 4. X _ W
CONFIGURATION SPA'
CORRECTION FACTOR 0
AREA CORRECTION CYL ,lCAL
SAMPLE APPEARANCE
-. FF5m
INITIAL, FRONT
NOT
AVAILA$L6
FINAL, SIDE
- - I
FINAL, X-RAY
NAL AREA(cm)
9.190
TOP
MIDDLE
BOTTOM
A/ERAGE
COMMENTS FAeLuJ ~MMC - 'N rFo'\ -r'o
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CONSOLIDATED - UNDRAINED TRIAXIAL
PROJECT so1O TYPE OF TEST (L.)*l TEST NO.
STRESS HISTORY
TEST
IN SITU CONDITIONS
avo o.29 k /len
nrCR
TORVANE STRENGTH o+ k
TORVNE We 32.4/
STRENGTH
AT MAXIMUM q
TEST CONDITIONS
.# 5 0 1/<
It' 5.0p
OCR
KC Ub 2 .qcvr
STRAIN RATE 0-2 %/HOUR
FINAL Fe .06
DATA
AT MAXIMUM OBLIQUITY
-. S.oo
q/wsc o-0.22-2.
ll 6.02* .
49 26.20
-0.221.
o 00
-
-h
Aosbo
TIME TO qmox i6,25 HoU
TIME RECORD
SET UP I/a6
START OF CONSOLIDATION
START OF SHEAR
END OF SHEAR
REMOWL
TOTAL TIME IN APPARATUS ZLA'.S
CONSOLIDATION-SHEAR At 30 m'oure!.
z6.4
420
HYPERBOULC STRESS-STRAIN PARAMETERS
Gi/ l'vc
Rf
r2
6z.%
o.q8
R ADIOGRAPHY
IV, mA 1_0___A3-e
EXPOSURE TIME so0 o o secom
REMARKS
T g$T -rc-l;,i^iQ_?
eg p.2-
Cl? *.O'le 2
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
&a "p
e
/
Eu(SO%Y/qf
V;-f 0-'."ZtJ 6.ocl
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CONSOLIDATED -
PROJECT S TYPE
UNDRAINED TRIAXIAL TEST
OF TEST cy 0OJ6 TEST NO. c%<,ue-06
L
(cmn
SAMPLE DIMENSIONS
A
(cm)
V
(r- M )
, ~1% U
a3 (b) w
( c
INITIAL 4_70_4_ t.ie s6.o ooo 0o00 %36.44
PRECONSOLIDATON O 6*11-18 s 6 0.39 3 3.
PRESHEAR 1 o22. 19:+ '.85- T-55 mz 6.
POST SHEAR 1.960 10.0 1 -. 6s -3.2 +.s6 32.6-
FINAL 9-4sr - - -3.09 - Is26
FINAL MEASURED so S9 o0oO s.2o +.98 - 133. ;
-G
co
Et
X
STRESSES IN
CONSOLIDATION DATA
kAj trn
STEP . 2 3 4 5 6 7 8 9 10
svc 0.6s+ 0.Y82 0.99- 1.231 +24- 1.440 2.101 2.44 293l 3.Sb4
hc osbq o.663 o.-K s o-s o.+' 1.Zis ):.36 66 1.6 a.t2
tc (HRS) 2s 13.0 .o 13.0 10,0 .0 5.S 11O 10 12.0
do(%.sl 0.7s 1-13 1.614 2.06 2.-1 3 -06 +.01 +.4+4 5. ,s
6voI(%) .6 oYsl O.S 1.28 1.91 233 2-63 3% 44-1 .24
Kc097 oC010 0.753 0.1 a o.69 o,69 0.649 0 ,s oo a .6o
STEP I 12 13 14 15 16 17 18 19 20
vC '3978 4.so s.o
'hc 2.418 Z.42Z 3.043
fc (HRS) o.o io.o zss_
60 (%) 6.36 .oo v.85
6 voI(%) S.S0 .43 ;_s
K c o,0 0 604- o. -
STEP 21 22 23 24 25 26 27 28 29 30
o've
te (HRS)
la (%)
Kc
GEOTECHNICAL LABORATORY
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT - TYPE OF TEST - TEST NO. _ _' _
Time ca v- u- a p E
(hr) (0/0) vc 
__ve_ h vcc q f af
0.00 0.00 :3T3 0.000 .6s 0.1q6 6.804- -. 0o
0.5 -0.02. o.299 -0.034 1.+5 0.14- 0.144. 038- 2b-1.4- 0.1216
o.so -o.oq o.+ -o.os1 1.28 0.-s3 o.oqs 0.tJ 1013.6 o .2+
o.bb -o.r> s -o.oi 1 038 0.038 "J:+6 62.+ 0.31
1-14- -0.,3& -o-oo4- -o..o-b oo10 o-el -o-oot 0,6 si +68 -.1- o.47S
i.64- -2.6- -o-oss -o-0do o.88 c.9 -o-043 O645' 338.4 os41
2.1+ -oAI - 0. 19 -o.o4E? o.-4 o02,6 -0-0o4- 0.bit z6.y 0.64(o
2.64 -1.4-6 -0..227 -o.o-+4- o.6-+ 0.98 -0.113 0.568 14o,+ 040
-. 64 -z.o1 -0.Z-b -o.oi 0-si 2 -0.18 0.540 qz o9-
6.35 -7.- l -0:13o -0.0691 ost 0.90 -o-ibs C.SI o.~ o86-
74:5 -3.:3 - 0:362 -O.07Z 047 0.g0 -01l 0os .498 . o Co
C - 4.<t -0.39+ - : 0.44- o.qo - o.19Z o. 6 o.2 v
0.25 -r.+ -0-403 -o.o6 v.47- Of> -0.202 O.4'\I 6s o.50
I 15 -6.28 -o.420 -o.onr, o.+o os9 - 0.2z10 o .+2 s 11. 2 0.9?7i
-13.2,5 -?L-1i' -o.+14- -o-to6 0.39' o 8s -0o.21-+ 0 .,4q -f 2.0 o 48 3
+5h - 7.99 -o0.444. -0A' o,3' 0 6S4 - .222. 0.0._(9
6n.25 - 7s -. 445 -011-+ o.3 06 -o a221 o. s2 4.0 1.000
ruvs - 6D -o0%,Zs -0.to 109 os3c;&6 -0.2 1 o4-9& e ~
192.5 -10.46 -0,431 -0.104- 040 . '4a 3s.4- Cg30
20.25 - .30 -0.42w -OioZ 0-40 0.9 --o 242 0 49- 32 .9 3.
2.2s- - 12.06 -0.427 -0.10z 0. 4 .g -
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UNDRAINED TRIAXIAL
PROJECT 0c*ilo
SOIL TYPE ARCTIC SLT
LOCATION MU-LU- 'POXIMAL
BORING NO. MP-' SAMPLE NO. 1'1
DEPTH 6.:SF CELJo u1lINE
WATER CONTENT
INITIAL, BASED ON TRIMMINGS 5 5.2- 0/0
INITIAL, BASED ON SAMPLE 56-4-%
FINAL, BASED ON SAMPLE 4.-+%
PHASE RELATIONSHIPS
'WET IQ fDRY
ei -~49 ef
Si 86-+ % Sprecons 67 .0)
GS 2.7S ASu.JmED
GRAIN SIZE
% -*200 90
% -2p. 73
Cu -C C
TEST NO. --..
TYPE OF TEST.....
APPARATUS NO.
TESTED BY __
DATE
c < 8ue -0)
wrt -4-
E4/'2-
ATTERBERG LIMITS
Wp 36-s /%
32.4- 0 L 63
MISCELLANEOUS
8 1.035
SATURATION 4V 0-0
CONSOLIDATION &V 8-~
MEMBRANES ............ THICK 7- THIN
CORRECTION FACTOR .q4-2 -
FILTER STRIPS + X - INCH
CONFIGURATION
CORRECTION FACTOR 0
AREA CORRECTION A
SAMPLE APPEARANCE
FINAL, FRONT FINAL, SIDE
GuREY1- Le tr scT o iol-vep , r
SAMPLEd.
-o FINAL AREA
TOP
MIDDLE
.- .. BOTTOM
FINAL, X-RAY R-21
A/ERAGE
3 WIT-hj Z+ t-r ouq=
GEOTECHNICAL LABORATORY
DEPT OF CIVIL ENGR.
M.I.T.
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INITIAL,FRONT
COMMENTS
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CONSOLIDATED - UNDRAINED TRIAXIAL TEST
PROJECT soNO TYPE OF TEST C.KUoE TEST NO. CKoLJE-0e
IN SITU
OCR~
CONDITIONS
0.41 kaynZ
3.Z-
TORVANE STRENGTH 03+kg
TORNE Wc 53--O
STRESS HISTORY
TEST CONDITIONS
avc 2
ap 2 . t 4.3Ic &L
OCR 1.O
Kc b 2.00 kg/crmZ
STRAIN RATE 0 %/HOUR
% FINAL ~.2 %.
STRE
AT MAXIMUM q
4o afh /4C
AT
TIME TO qma
-. 44
0.26 b
42.1
2 *
Ix 2 o
NGTH DATA
- AT MAXIMUM
% -
h0 c
OBLIQUITY
-o.266
*-, 0
EU(5o%/)/qf
TIME RECORD
SET UP 4-11Z/03
START OF CONSoIDATm 302 1 2
START OF SHEAR I2*oil
END OF SHEAR
REMCNAL s+/r2z/i
TOTAL TIME IN APPARATUS 1 D5
CONSOLIDATION- SHEAR at bo MiWrc
REMARKS
FINAL 5AMPLE W LE1=T kW OVEN 'FOR
C,-- 13F8*/
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
HYPERB(LiC STRESS- STRAIN PARAMETERS
RADIOGRAPHY
kV 60 m A 3-8
EXPOSURE TIME *5 SecONDS
AMZ
I rp
Sheet 3 of 4298
CONSOLIDATED -
PROJECT S02 TYPE
UNDRAINED TRIAXIAL TEST
OF TEST C-l(o0 0 TEST NO. Co(.u E -C
SAMPLE DIMENSIONS
L A
(cm't)
V
(cmn )
-a (b) w
! )
INITIAL .005o 1 S0.66 0.00 1so0._70
PRECONSOLIDATON .005- 10.63 6s.ob .oo o.o 1. Oct
PRESHEAR 1-35~- 10.35 4.14- g.0i 10 .4 q I22.33
POST SHEAR 8.630 S.09* 69 1 4.gi 17-q3 1,2,z s
FINAL 6.69 -- - .0 -- 12 8
FINAL MEASURED 8.S9+ ( f I + 0. -4.4-0 1.0 - 123, 66
E
u2
CONSOLIDATION DATA
STRESSES IN
STEP 1 2 3 4 5 6 7 8 9 10
vc 0.192 0.21'2 0.243 0.303 o.36 ~f o.438 0.532.O 7 0.:?7 I-9
he 0.118 0-li3 0.223 0283 0333 0381 o.4-48 0S2 . o
to (HRS) 13.5 +5 -. 0 '2.0 t.0 5.5 15.S 5,5
ta (%) 0.00 o.o3 0.10 0.24- O.S o 14. u .63 2- -3s
evot(%) 0.00 0IS o.3+ 0.49- 1.2'+ 1.63 2." 3.03 4.03 5.29
KC 0.925 012 0n' 043 om O.69 o 4Z o o.4 oN
-. 
-13- -s" ~~ - --
STEP Ii 12 13 14 15 16 17 Is 19 20
0vc i.so 15- 2.ooz z.25i 2.so
0hc ux25 1 205 1.329 1.4-5 if5 _6+
tc (HRS) 6.o 10.0 .0 16.0 34,0 
do (%) 4:S+ 56o b,o- 6.9+ -. 86_
6 voI (%) 6.66 -4s e.3 s '12 6 10.24-
K c .921 0.650 .66 4 . 0.6+6
STEP 21 22 23 24 25 26 27 28 29 30
O'vc
'hc _ _ _ ___ ___
te (HRS)
ao/%)
E Vol(%)
.KC
GEOTECHNICAL LABORATORY
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT 50 TYPE OF TEST cK0 ou TEST NO. c u*-Oe
Time 0  ( v-4(AU 0 
- P E a(hr) (%) ovic avCC h_ 
_ A 
______
0.1- 0,00 0,354 -000 
_.56 --- _._ %_ 0.23 --- 0.M
0.50 - a0 0133 -o.03s 1.20 o._6 o.o66 c.7 902.9 o.zso
0- - 031 -0,01? -0.05 o.94 oeb -ooo o.688 3': 04Z0
1.2so -0.s -0-.083 -0.0s 0. 8 0.8 -0.042 o.6s6 Ze.\ 0+94.
1.40 -1,04- - oxr+ -1 -40r 
_.7s 0.A 1 -oo085 o.6o6 190.- o.592
2.:0 -l155 -0.234- -o03 ob o.94 - o.-t 0.566 142.8 .664-
3-70 - .0 -0.Zl9 -o,041 0 0.9 .q 5- -013.53~ 11+,4 o, -
4.70 2.99 -0.335' -o.oi1 o.so o .t? -o.169 o .4q9 86.5 4 .9
6-30 -3.q9 -0396 -o.0.43 0.98 -o0g& .+- 6~ 9l
E.40 - 4.97 -0401 -0.0ri 0.39 0.91 -5 01 o 453 ?._ _____
10.70 -!59 6 -0.421 -o04 .3 5 0.qq -0.210 0440 4.8:
12-70 -6.97 -0.440 -0-00-+ 0.3 099 -0220 .433 42 & m.6
1.0 -7.97 -0.460 -O.OOG 0.30 O9 -0,2-30 042. 33.4- 0 a
r6.1 - ,9-4 06 -o-004- 6.-L .00 -- 238 0.+-12- 3+.2 01,3-7
18s0 -9.q -0.49- -0.00s 0.24- O.99l -0249 o.403 32 _.96__
20.30 - 10.9 -030'I -- o.oo- 0.2. 0.99 - -35$ 0 399 29.
2. 10 -11.,4- -0.52-2. -0.018 0.21 q 9 -(.761 0.407-7. w g
24.10 -12.nS' -029 -o.of o 0.20 0.1.9 - o ?s .9- 20 ?15s
26.0 -1+44 -0.531 -0.011 020 O__ -F2b6 , .3 2- . 0I0
2.4-10 .14.93 -C0.57i -o0'4 o.iO _. _ -0.264 _314 2..2 0r
3'0 1 S.47-. -0.521 -o.o6 ?0.20 0 -.24- o39q . _ 4-
35.70 - '7.2 -0.477 -0.019 0.24 n o2 -0 239 __3__ 4 - ______
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DEPT. OF CIVIL ENGR.
M.I.T.
300
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CONSOLIDATED - UNDRAI
PROJECT S3O AI
SOIL TYPE ArC,51L-
LOCATION i<LUY- MAI
BORING NO. "-R SAMPLE NO. ss
DEPTH 11.4 E T bEtL0\4 MUDU
WATER CONTENT
INITIAL, BASED ON TRIMINGS %
INITIAL, BASED ON SAMPLE %
FINAL, BASED ON SAMPLE %
PHASE RELATIONSHIPS
&'WET r-foov km RY YY o
ei 13 -ef . .
Si q2- % Sprecons
2.~75 ASS UrA D
GRAIN SIZE
% -'200
% -2p
Cu C c
NED
TEST
TYPE
APPAR
TESTE
DATE
TRIAXIAL TEST
NO.
OF TEST
ATUS NO.-
D BY
ATTERBERG LIMITS
Wp -,. L.%
Ip % IL- 62
MISCELLANEOUS
8 6.9
SATURATION &V
CONSOLIDATION &V
MEMBRANES ............THICK THIN
CORRECTION FACTOR
FILTER STRIPS X
CONFIGURATION
CORRECTION FACTOR
AREA CORRECTION
SAMPLE APPEARANCE
r - - - 1
INITIAL, FRONT
I I
I I
FINAL, SIDE
FINAL AREA
- -- -I 1.04
TOP
MIDDLE
BOTTOM
FINAL, X-RAY N_-___
A)ERAGE
COMMENTS NO FAILURE P'A"ES
Ba~rTOCM BUo.CE
AP PA REN T.
GEOTECHNICAL LABORATORY
DEPT OF CIVIL ENGR.
M.I.T.
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CONSOLIDATED - UNDRAINED TRIAXIAL TEST
PROJECT S TYPE OF TEST TEST NO.
,-,. Y.. ~)1
IN SITU CONDITIONS
0o31 k kcr
2.3 zc1 Icq~-
STRESS HISTORY
TEST CONDITIONS
ovc
sp
OCR
TORVANE STRENGTH 2-s 9 '
TORANE Wc o40 %
STRENGTH
AT MAXIMUM q
q/ 
0
4ou..ah 
-vC
'49 h 1 ~
TIME TO qmay
5.6
0-3'4-
o.60g
K c b
STRAIN RATE - %/HOUR
FINAL ao 3 %1
DATA
AT MAXIMUM OBLIQUITY
16.0
'311
16 1
EU(sO%/)/qt
TIME RECORD
SET UP
START OF CONSOLIDATION
START OF SHEAR
END OF SHEAR
REMOAL
TOTAL TIME IN APPARATUS
CONSOLIDATION-- SHEAR At 20 NOTtO.
HYPERBOLIC STRESS-STRAIN PARAMETERS
Gi've
Rf
r2
'4 -~
0.131
~ a~j ~?
RADIOGRAPHY
kV mA
EXPOSLtE TIME
RE MARKS
VO L U IE CAtA'~-4 1 eVlClf \PAA, t.40T- ol ePTl-tP''.l 3G ,)(~Y..
T\ON.
SAMPLE \Fud C ST ( At'f rO M.OtiDT TO 2.S' kcvn , t VT O A L..
we * - -. X A to r' 'NT K <<. S-+. cor- APC r -' T- s co -
e. g .40
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M IT
0 pv.0
ap
OCR
.5.2. ~
I0-t-
?2.7
% go
qlevc
v 
Ila vc
Zlu - Wh /7vC
00
303
CONSOLIDATED - UNDRAINED TRIAXIAL
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TEST
PROJECT 5o TYPE OF TEST C"KucN TEST NO. cyUc-O1
SAMPLE DIMENSIONS
L
(cm
A
(cv'?t)
V
(%)
%vol) w
INITIAL S.03Z 1 .10 I :3:63 000 0-00 2.00
PRECONSOLIDATON -o21 f0.38 83.24- 0. 14- 0.14- Ie2.3
PRESHEAR -6.74 9 -+_ 18.f- 6:19 3.3; -.81
POST SHEAR 6.z 14.35 s56. 4-0 2S -3.So
FINAL 6.01 - - 24, 6 -- -s 7.. 
FINAL MEASURED s.qz2 ((3.1s 10all , 4- 1 6. z; - 4.5 3 q
L-
20
STRESSES
CONSOLIDATION
kQ q cm-
S TE P 1 2 3 4 5 6 7 8 9 10
vc 6 2- 00k 2 1 .2_6
h 0.98 2.003 Z.8, 2.804-
te (HRS) 20.0 21.8 1.0 2s.0
do (%) 1.04- 2-7 3.64- S.79_
EvoI(%) 1c.3 4-6 4 26 s.___
&Voj(0/0m -qm -' -, 51+KC 1c 0 to 00 1~o 0.54-
STEP 11 12 13 14 15 16 17 Is 19 20
c'vc
'hc
te (HRS)
6d3 (%)
6 voi (%)
K c
STEP 21 22 23 24 25 26 27 28 29 30
0' vc _ _ _ _ _ _
a'hc
te (HRS)
K_(%) _
Kc
GEOTECHNICAL
DEPT. OF Cl
LABORATORY
VIL ENGR.
t LEAK 0-4 \IOLUME CrJAtNE bEVICE
M. I.T.
sj~
00
*
DArA
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT soi --TYPE OF TEST --TEST NO. ~
Time Ea (v- h P E() ()-- A -- -- rf(hr) c vM _ h v1 U
0.00 0(00 0.46z 0.000 t86 - 0.23\ 0._6 
_ .... 00o
.OS 0.'3 _.488 
_ 0.044 i.99 i.59 O.24+ 0.-+39 
_ ~.__._
O.?-___ o.os3 2.06 0.-+ 0.Z58 0.744 102.3 10,172
0.25' o .. 6~+ 2..14 OgS.-269 o 4-1 0 q 4.
0.60 0 o5 o.osq 2.23 072 2.qc9 0 29 6 o<
1.00 *). 
____ 
_ o.io 4 234 .03 . o 8
LSO _._.5__5 0._3 2A457 1.01 +.zs ,5.
2.00 
_ 
_ 0.~ 0.58 2.5s 1.620.,6 6.z
2._0__ z 0 ti- 2.63 1.21 .$0~ 0.670 .2
3.00 .18. OAis 230 1.32. 0 30 .54 > 6 o<
3.~____ 2. _ _6 _ 0.201 2,80 - 133 . , 1, o$32.
4.0 0, Z-1 o.z. .9 0-3c5 0.63\ 
______
3 o 0.6 3.21.53 
. 0.594-
- o-63\ O.2 3.35 I9 O,3$ Q0 ep4.
_ Ob24 .2- 33 0.313 o.516 .-
_____ 
_____ .622 02-+ 5O O3$o55.
___ __ 02'4. 
_-__O.__O-_9_
___ __ 2Z O.2bls 4.-I o-b3'
4 157Z 0 69a 2+-1 F26 0.556
-____ 
_ -. G o.269 3.r06 2.80 0:27 549 -
GEOTECHNICAL LABORATORY
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UNDRAINED TRIAXIAL TEST
PROJECT
SOIL TYPE
LOCATION
BORING N
DEPTH
0. ?S SAMPLE NO. 5
I". FT
WATER CONTENT
INITIAL, BASED ON TRIMMINGS S6 0/
INITIAL, BASED ON SAMPLE % 1
FINAL, BASED ON SAMPLE %
PHASE RELATIONSHIPS
&WET tDR
e i -f e. c
Si 84S 0% Sprecons 810/0
GRAIN SIZE
% -0200
% -2pL
Cu - C
TEST NO.
TYPE OF T
APPARATU
TESTED
DATE
C KU-OZ
7EST
S NO.
3Y
ATTERBERG LIMITS
WP 33.7 %
W 6.4-
Ip 34--S .%
MISCELLANEOUS
B qey 6
SATURATION 0V ~
CONSOLIDATION &V 8
MEMBRANES ...-.. THICK . THIN
CORRECTION FACTOR '- 42 /4
FILTER STRIPS X, _
CONFIGURATION
CORRECTION FACTOR 0
AREA CORRECTION
SAMPLE APPEARANCE
INITIAL,FRONT
I I
L.
INL SIE
FINAL AREA
TOP
MIDDLE
BOTTOM
Y
AdERAGE
COMMENTS
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M.I.T.
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CONSOLIDATED - UNDRAINED TRIAXIAL
PROJECT SOH IO TYPE OF TEST CkI-UJ TEST NO.
TEST
IN SITU CONDITIONS
OC 0.
OCR ~ 2
/g .k
TIORVANE STRENGTH '4'
TORVANE We
AT MAXIMUM q
p'/a c
6Ju-Oah avC
A f
TIME TO q1mx
STRESS HISTORY
TEST COND1TIONS
______ 
Ovc2
Op
OCR
KC Ub
aw E STRAIN RATE %/HOUR
% FINAL 6e - 0 %
STRE NGTH DATA
AT M
% q/
ou-
Of
AXIMUM OBLIQUITY
1 -O.234%
t /
vc-
TJ3
3350*
o.s6
22 OouRS
o2soo
33 54
3'o
TIME RECORD
SET UP S4-/2/05-
START OF CONSOLIATION 4
START OF SHEAR
END OF SHEAR
REMOL
TOTAL TIME IN APPARATUS '6 '421
CONSOLIDATION"SHEAR at 60 mtmul
HYPERBOLIC STRESS-STRAIN PARAMETERS
Gi/l',
Rfv
r2
RADIOGRAPHY
kV bo m A
EXPOSURE TIME 'Ls; -sc
REMARKS
CA MPLC 'A e,) LLt i-f - 0 16cIr? A t f.T t.
\j L'C T-.'."j ~ -r1~EZ o)~ . ,,c-oMIARC \~-.m 14<uE cS
CA= D35.~ */
GEOTECHNICAL LABORATORY
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CONSOLIDATED - UNDRAINED TRIAXIAL TEST
PROJECT 20 TYPE OF TEST C-Q TEST NO
SAMPLE DIMENSIONS
L
( cn
V
(cm'') 0
w
(Se
INITIAL 0. 035 - b -00 0.00 I2q q3
PRECONSOLIDATON S.o1 o0_s_ 9 6.17-.. o.o .0 1 9Z.57
PRESHEAR 4.-44. io.6b ,2. c.y s o.2q ro.o0
POST SHEAR 95 .Z4- 2 ;2.44- q.53 s.92. 20.-o
FINAL S,635 - -4 -- o
FINAL MEASURED 9.-0- A 6 69..8 1 q 9.59 120.-.
STRESSES
CONSOLIDATION
k cm
STEP I 2 3 4 5 6 7 8 9 1O
_c_.00 oq .boI V. 601 Z 43?
1c o.00 O-44- t.59s 1-570
te (HRS) ___o ozo 1-i +4. .s _
0 / (0) osi s . z. _4 _.s_
evol(%) .s S.04. -4 1 o. 297
Kc ob 1.00 oo 06s
STEP li 12 13 14 15 16 17 18 19 20
avc
0
'hc
tc (HRS)
6vyoI_(%) __ _ __ _ __ _ __ _ _ _ _
K c
STEP 21 22 23 24 25 26 27 28 29 30
a''v c
cr'hc
tc (HRS)
16a (%)
E 6VolKc
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M.I.T.
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cv e 002
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT ! TYPE OF TEST CkCUe TEST NO. cc)E - 02.
Time Ea u- A q p aq(hr) (%) vhf
o00 0,00 0.346 -0.00 .53 - O+3 10.225 
- 0.000
~r+:-0.03 o.2s3 -0.2 .3' 0.126 0.200 13.1 o104.
033 - 0.0e 0-S? -o.obi .2'2- o.68 0.080 o.788 e31.3 0.202
0-50 - O. ,5 0.090 -0.02?1 1.- 0.9 005 O.n 1r.- 0.2 85
1-00 -0.40 -O.O52 -0A. 0.-2 -oo6 ,-3z 363,-.. op.1
150 - 0.65 -1o.37- - 0.129 o.3 0.4- -o-o66 0.-0C9 2720.2 0.
200 -0,14- -0.10, -036 o-++ o.-+ -o.to o.681 2 - .
2..50 --.- o, z45' -oa .69 0.~4 -o.1213 O.65R 19.4 C6
3.00 -1.5C 0.3 0,1 0. b4- 0o- -0 4-1 o.6+Z sZ.4- o.6
400 - ?0 -oAso -. ts3 0.2 --. 65 o.61 4- 1 >2
5.00 - 2.94- -0.381 -0329 o-5b OA2 --Z0 C.3P' +0.6 o'.
00 31 - .O8 -09A -0O- 
~ o24 -o.zog 0,sb5 -42 o 94 +
2-50 - 4.-40 -* 06 -0 .43 O.3 o28750-
0.00 -04+-0+1 
-01 - oA o. z .3 1 o5153 a
111.00 - -430 -0.+-81 -0.10 0 2 0 Z36 + 0 Z-o20 0o.5 6 1+ 2 0
b.oo - 9,o03 - 0.499 -0.11-+- 0.3s 1o 26o -- z14cf~3. 0. 4
1A.00 - 10,7 -o.534 -0'23 0.-0 o.Z6 -o.z61 0.2.
-n'2 - 1254 -0.ss - o059 25 6  -0o b rO00 2 1 o z
z s.co -t4.3 -.. -Co-GT 0.z9 oS5 -o. b e 2 A CQoo
?I SO - I. -ou.44 -o ose .3 0.93 -"17s~ g
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M.I.T.
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CONSOLIDATED - UNDRAINED TRIAXIAL
PROJECT s
SOIL TYPE ARC1'C SILT
LOCATION tUKL0WZPROkI Al-
BORING NO. -B.. SAMPLE NO. 54
DEPTH q. 6 T 'ZovJ Mt lME
WATER CONTENT
INITIAL, BASED ON TRIMMINGS 4-
INITIAL, BASED ON SAMPLE % 0/0
FINAL, BASED ON SAMPLE - %
PHASE RELATIONSHIPS
(WET ino rJo n y
si 90-8 0% Sprecons 20 %48 
VG5 ASSOM
GRAIN SIZE
% 2 0 0
% -2p5
Cu ' C 1 1,-
TEST NO.
TYPE OF T
APPARATU
TESTED
DATE
C -2UC 3
EST 1
S NO. VE-4.
BY KrA
ATTERBERG LIMITS
wp 321 0/0
WL A F 
_ %
Ip -- % ILo-+.
MISCELLANEOUS
B %
SATURATION aV
CONSOLIDATION &V -O 6
MEMBRANES ..2....THICK Z THIN
CORRECTION FACTOR -
FILTER STRIPS 'X
CONFIGURATION
CORRECTION FACTOR
AREA CORRECTION
SAMPLE APPEARANCE
r -- -I
1 I
INAI
INITIAL, FRONT
FINAL AREA
c rr)Z )
I ~~ TOP
MIDDLE
BOTTOM
FINAL, X-RAY
A/ERAGE
COMMENTS V-WR'4 SIEr -Dos -M W
GEOTECHNICAL LABORATORY
DEPT OF CIVIL ENGR.
M.I.T.
TEST
~NJIL'~1
LE~t~
Sheet 2 of 4311
CONSOLIDATED UNDRAINED TRIAXIAL
PROJECT foNO TYPE OF TEST OMPEa TEST NO. c 3cjc-I
IN SITU CONDITIONS
cr!~kc o/sct .4Q l -
a-p
OCR.
4.1A
1~.z
STRESS HISTORY
TEST COND1TIONS
0vc
Op
OCR
TORVANE STRENGTH 0.44 /CgICn
TORNANE Wc 38.2 %
AT MAXIMUM q
6 0
Ch c
au1 a /?"
TIME TO q1my
K Ub o0okrlan
STRAIN RATE O-5 %/HOUR
FINAL 2 2.0 o/
STRENGTH DATA
AT MAXIMUM OBLIQUITY
-.58
'3.2+
-0489
:319sa
-o o-I
19.0 0K 3---;-
TIME RECORD
SET UP 24
START OF CONSOLIDATKON - it 6
START OF SHEAR C-~
END OF SHEAR
REMOVAL ?- 1/2-
TOTAL TIME IN APPARATUS '
CONSOLIDATION-'SHEAR At -o "mk et
HYPERBOLIC STRESS- STRAIN PARAMETERS
G/lo . -g'i vC
Rf
r2
0 .6
09134-
RADIOGRAPHY
kV bo
EXPOSURE TIME
mA c?
45 OSJ(1 NZ
REMARKS
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
&A I o
TEST
021 C 'cmlZ
4-.1
9.5
20/>% go
4/lvc
...
ap/ f
i-ch
Eu(50%Y./qf
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CONSOLIDATED - UNDRAINED TRIAXIAL
PROJECT __ __ TYPE OF TEST "EOM S'0 TEST NO. ~
SAMPLE DIMENSIONS
L
(cun
A
(Cvn)
V
( 3) (%)
Evo1(b)(%)
w
(39
INITIAL S.7bo . s 1 ,T t.-TO o.0o 0.os
PRECONSOUDATON '-0.51 04O 0.00 o.oo 14V.-+S
PRESHEAR eobo 1o.s 8+30 0.00 0.00 as. 6 9
POST SHEAR 6.2.20 1S.04- 3.55 zz.S3 -10 45 14Z. 69
FINAL 6 .zi - - 2.2.85 -- 61
FINAL MEASURED 6.i86 sC o 4.4 5 Zn.25- +o+ l-..
.2
STRESSES
CONSOLIDATION
k4 c
DATA
STEP 1 2 3 4 5 6 7 8 9 10
at 0.210
'c 0 2 _
tc (HRS) Z8.0
60 (%) 000
ev 0 1(%) 000
K C 13
STEP 11 12 13 14 15 16 17 Is 19 20
avc
hc
tc (HRS)
Kc
STEP 21 22 23 24 25 26 27 28 29 30
a'vc
o'hc
te (HRS)
£ voI(%)
Kc
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M. .T.
TEST
'I
~
.2 ~
~ cc
* -~
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT " TYPE OF TEST e0RE0 TEST NO.
Time E0  AUv- h A a* P A EL _
(hr) (o/) 
_ 
_ve 
_ 
_yc h 
___
0.0 0100 -0.349 o.5 o.~4 -- -0.,4 1.-4'-a - 0.000
0.__ o.14-_ oSso o6s-? 2.10 o.sg- 0q0 1.101 103.6 0,1bs'
1.1 0.10 .5 o.37 2.58 os-4 0.4q 1. 12 83.1 0.19_4
2.0 1.04. I .530 o.89 -3. o-43 _.-+6_ : s6 .+ _.2>
4.0 .I 1 e3 0.315 4.59 O.'? o.4s- i5 +.s- O.33
5 .Z4- 2-~54- O480 5.2. o.r+ i.210 . 4-0.. 3.4+2
6.o 2.94- 3.\6 0.3-+ 6.o1 o.2\ i.582 2:Z14 z.I ._4-
8.0 3.93 4,0- O.589 6. 0,13 2.011 .990 24.4- 0.j0!
to.0 S.04. 4.8 o .4r+ 5, 0,08 2+04- 5.b6 4-
13.0 6.53 s.63 0.090 5.4-0 .02. 2.615 4 01 2.8.3 ____4.
16.0 -- 9_ 6.25 -0o - 4.q4- -o-o : 3.12- 4. 2, 6 .6r
19.0 q.s& 6.4-q - o. 48S 4.50 --o.O-4 3.245 5 1i22.0 1.0CoC3
22.0 10.94 6.4.- -0.648 41.21 -n.10 3239 
_:__ 1. o CI
25.0 12.59 4.+' -o.~h 4..3 -0dI 3204 _. ib.6 O.P
2.8.0 4.-01 b.-54- - 0-,9C& 3.9,:2- - 0- i139 9 14-..+ 0, 7
31.0 1542 I.33 -0.852, . -0.'3 3.16 , y3 .4-. _.9_:_.
34.0 1105 418 -0.920 3.~49 -0.14- 3.1190 343 rZ.._ 0.1!34
31-0 ls.4#0 6.79 -,69i s.69 -0,15 3. 142. 1Ai.n
40-0 )9q~ 44- -I.oeb 3, .z -0. 1 3.121 s_07? :o.____
44.0 21.01 6 !0 -1.134- 3.57- - 0 .I6 3.050 5 A 6 9 1 __o___
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M.I.T.
0 0 0 0 0
fl.00___
6.00-
4.00
2.00
CK UC-03 RECOMPRESSIONC
0.00
0.00 4.00 8.00 12.00 16.00 20.00 24.00
AXIAL STRAIN ca W
0 0 0 S S
1.00
0.00
Auo h
C 1.00vc
-3.00 -
0.00 4.00 8.00 12.00 16.00
AXIAL STRAIN ca (t)
20.00 24.00
 0 e 0
0 0 6 S 0
1.00
0.00
--.50
-1. 00
0.00 4.00 8.00 12.00 16.00
AXIAL STRAIN ca W
cn~
cr) 0
:3 0
N
20.00 24.00
0 Q 0 0Q
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CONSOLIDATED - UNDRAI
PROJECT 50'00
SOIL TYPE ARMTC 6L-r
LOCATION MUvLUY PZoM At.
BORING NO."P-2 SAMPLE NO.
DEPTH 3.4-FT SELOW MOUb1tu
WATER CONTENT
INITIAL, BASED ON TRIMMINGS 030.8
INITIAL, BASED ON SAMPLE 3' %
FINAL, BASED ON SAMPLE 37--0 %
PHASE RELATIONSHIPS
(WET tD /r RY 3 /
e .09 e 9
Si SO5 % Sprecons ' 0 %
Gs 2. 11
GRAIN SIZE
% -'200
% -2pa
Cu C C
NED TF
TEST NO.
TYPE OFT
APPARATU
TESTED
DATE
IAXIAL TEST
c 49C/E -o+-
EST CO
S NO. WFG
BY IO4D
ATTERBERG LIMITS
WP 28.0 %
WL 40.
MISCELLANEOUS
SATURATION &V o.62 cm
CONSOLIDATION &V
MEMBRANES ......2...THICK THIN
CORRECTION FACTOR .q4-ZV2 /.
FILTER STRIPS X
CONFIGURATION
CORRECTION FACTOR
AREA CORRECTION
SAMPLE APPEARANCE
INITIAL, FRONT
COMMEN1TS
i I
FINAL, FRONT
'wa 2omFINAL AREA
TOP
I MIDDLE
BOTTOM
INALX-RAY BOO
4ERAGE
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M.I.T.
-f"-'RE VLANIE T.EOE 0 XT
COMMENTS
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CONSOLIDATED - UNDRAINED TRIAXIAL
Sheet 2 of 4
TEST
PROJECT .L-"o TYPE OF TEST ""o-pRfK')p TEST NO. cveUc'/E- 0-
STRESS HISTORY
U CONDITIONS
0.10 k / 
-
TEST CONDITIONS
ovc
p
OCR
*.4-
TORVANE STRENGTH
TORANE Wc -
K CU b
STRAIN RATE 0 .%/HOUR
FINAL 6 -:32 %
STRENGTH DATA
AT MAXIMUM q
u -Oah 
-c
As
TIME TO qmax
r.
AT MAXIMUM OBLIQUITY
- '.32
4.T -. s82
-4 6 -2.9 b
i. 6z -. Z+
-3.6o
o.0 s2
-O.I3~ j -
2.2 d))~ j 2 MOU
TIME RECORD
SET UP
START OF CONSOLIDATION
START OF SHEAR
END OF SHEAR
REMOVAL
TOTAL TIME IN APPARATUS
CONSOLIDATION SHEAR At
REMARKS
SAMPLE SHAtD 3 COrE
EXTEI7-)N MODS.
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
A I r
HYPERSOLIC STRESS-STRAIN PARAMETERS
Gi /crvc
Rf
r2
R ADIOGRAPHY
kV 160 mA 
EXPOSURE TIME 4 >
)Q lL. Ec= 104/0 T ) SWITCHEZ ~T0
IN SIT
Ovo
- -o
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CONSOLIDATED - UNDRAINED TRIAXIAL TEST
PROJECT S TYPE OF TEST ?OAi0 TEST NO. cXjc /f -04-
SAMPLE DIMENSIONS
L(-)
( e )
A
c m
V
(crnN)
Ea
(%)
(bit
(%)
INITIAL 807.3 11.19 9 T+ 0.00 0-0 155.7
PRECONSOUDATON O I_._ 89:41+ 0.00 1. 5 6. 40
PRESHEAR H.02._ 1.19 9.-43 0,04 .04. 56.16
POST SHEAR S.A-9 10.[- 9.-+2. 0.4- 0.06 )56.36
FINAL .19 - - 2.0 -
FINAL MEASURED s- i 10- 3 0 ( +.l.6 LA2- 6.13 :5s Si
CONSOLIDATION
ir
DATA
STRESSES IN
STEP I 2 3 4 5 6 7 8 9 10
ovc
ahc 0.30_
tC (HRS) 12.6
e'o (%) 0-0
EvoI(%) oo+- _____
KC
STEP 11 12 13 14 15 16 17 18 19 20
vc
a'he
ic (HRS)
Vol(%
K c
STEP 21 22 23 24 25 26 27 28 29 30
0,'vc
'hC
te (HRS)
6Vol
Kc
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M. I.T.
319
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT 6 TYPE OF TEST ECMPRS60 TEST NO. cuc/c-o04-
Time E -O AU-{ 4 q p EX
(hr) (%) 
_ vc_ 
_ vc ohj Avc o-v; qf tiq
0.00 0.00 -o.soq 0-ooo 0.66 - -0.2S 1.255 - oGoo
0-__ 0.08 -O.05 o.32-% 0.91- 0.4- -o036 1152. -. 3 0.044
0-3 .1s 0. ?28 051s1s 1.11 0.6z 0.149 1.105 q6-. 0.08
__so_ 0_2- 0.s35 -64+ I 64. o.69 0 26z I-l o2 0 104-
0__3 o45 o.6 0 Ro 2.18 0433 1,16+ 64- 0 13~-
__6__ o+_ ).+62 osa 3.24- 0.44- ?3 1.3+ 46.4 I.S4-
3 oo 1.14. i06b o.210 3.40 o.+1 0.38 .4-b aos O.2'S
4,0) .6 2.t01- 0-86 4.21 0.33 1.03( 416 33.4 j sS
_ ,___._'+ 2.+__9 0.800 4.5l 0.26 ).2A.C 61 z-..
+.0M 2.91 3.102. o.6s8 4.64 0.(a 1.551 2-40 4- 2 .
~o 3.1+ s2. oS'0 4.8 0 r2 1.94-1 Z.742
i1.o0 4 .9 4378 0 29 4.4 0.0b 2381 3.b03 :z.-
_.oo z __9_ 6 e6 o040 .J Io 2.5&3B 4.23 2 652
___ _o _ .9 _ 6 6 -0 256 4. - 0.04- 34 ,-
17,o s.o?. 33-- -o.540 -oob 3.qI9 1..o . .
q10 A.03 4.4 -0-26 4.bo -0.09 66263 6
21 0 10.04. q.63 1.21 4. 4.o -0.02. 4.63 3 Z o b
2-16-.8 +34 -_3s_ 4.30 - _._+ 45 :. 0,
212.00 40,497 - 0 4 2q -. i.4- 30 .2. i000
21-10 10.49 1 038 -'. 6  9 3 59 4.t 4, - -
22.27:- 10.4-1 43 -t.908 3.010- 3229 '.4-
z-+ 30 4boo -. b?3 2.4sk -.... 2.oo --
22.36 30. 3 906 -t,6,2 z .- . s -
Z*3.SO 1.01 1 Al? L -1.-239 3 .
24.00 T33 *328 -o.'i46 - O 4. z.89
24.O . 2 1 -0340 1.09 -- 0. 2.'s6
26___ v9 4.3Z+ -0533 .6 -- -
28.s 1.0 -o62s -0.360 - -'343 I S 7
n0.50 5.99 08 -o.1S3 .46 -- -.sc+ n.o60
-4.4.o.45
36.v) 23 1.700 -o+ .2- - C o .
-do e 0,.5 3.120 -. 260 3.o - - 0160 2 -
4 _- _.32._.54 0 -. 70 .2 - -3.2.0 .Z
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M. I.T.
0 Q
6.00 8.00 10.00 12.00
AXIAL STRAIN ca (%)
5.00
4.00
3.00
2.00-
1.00 -
0.00 -
-2.00
0 0 0 0 0
I'
a a B 0
1.00
OcoMPRESSION
) EXTENSION
Au AGh
VC
vc
-2.00_ __ _
-3.00 -
CK UC/E-04 RECOMPRESSION
-4.00-
-2.00 0.00 2.00 4.00 6.00 8.00 10.00 12.00
AXIAL STRAIN Ca (%)
0 0 0 0 
0 S
.80
.60
.20
0.00 L
-. 20 0-
-2.00 0.00 2.00 4.00 6.00 . 8.00
AXIAL STRAIN ca (%)
r-4
12.00
0 0 0
324 She.et I of 
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CONSOLIDATED - UNDRAINED TRIAXIAL
PROJECT s
SOIL TYPE ACWIT'( SIT
LOCATION
BORING NO. MP-57- SAMPLE NO. 510
DEPTH 24.-0FT B-tovJ "NtuwvE
WATER CONTENT
INITIAL, BASED ON TRIMMINGS 32 . %/
INITIAL, BASED ON SAMPLE 32 c %
FINAL, BASED ON SAMPLE 3 %
PHASE RELATIONSHIPS
'WET tDRY
e i )00 of _7
Si e % Sprecons %
Gs 2.3w PL- 21
GRAIN SIZE
% -"200
% -2p 2?.
Cu C c
TEST NO.
TYPE OF TEST.
APPARATUS NO.
TESTED BY.
DATE
cePC/E s o0
\1 ~ c 4-
K"DA
85 10 4-
ATTERBERG LIMITS
WP 2/.0 %
WL *
MISCELLANEOUS
B?8 %
SATURATION AV
CONSOLIDATION &V
MEMBRANES .... 2--THICK 2 THIN
CORRECTION FACTOR
FILTER STRIPS -. x
CONFIGURATION
CORRECTION FACTOR
AREA CORRECTION
SAMPLE APPEARANCE
UNIORtA
INITIAL,FRONT
FINAL AREA
(o)
TOP
MIDDLE
BOTTOM
FINAL, X-RAY
AERAGE
COMMENTS
FAILUQF PLAJE 1-' visl5t.7 (tF=;GeT'
GEOTECHNICAL LABORATORY
DEPT OF CIVIL ENGR.
M.I.T.
TEST
_.._ !W PL W Lt--'_ \AN ,A (-):QT o:
Sheet 2 of 4325
CONSOLIDATED UNDRAINED TRIAXIAL TEST
PROJECT S0Hko TYPE OF TEST 0 "' TEST NO. oCL<0 C/f>oq
STRESS HISTORY
IN SITU CONDITIONS
0.56 kg e 4 v
OCR 2.9 /
TORVANE STRENGTH. "
TORVANE Wc 33. 0 /0 %
TEST CONDITIONS
o.0avc
ap
OCR
.
6
2.4
KC Ub
STRAIN RATE 0-2 %/HOUR
FINAL F -;.3
STRENGTH DATA
AT MAXIMUM q
160
q/op
u-Z h Cvc
Af
TIME TO qmx
C E
9.15 -' -' 5
o.&,80 -,). 46-
-.650 O.-03
0.234- - ib--
37.2 ±.
2+ C 1ut3 6 OUQ5
AT MAXIMUM OBLIQUITYC
4-5% 60,
q/0vc
- U'O-Oh/crc
-3.5
113 o.632.
0.44.2
Bs. a
Eu(50%Y.q f
- (~
0 -44-Z 44,4"
"15.
TIME RECORD
SET UP 2
START OF CONSOLIDATION
START OF SHEAR
END OF SHEAR 8!710 C4-/4
REMOVAL 'o5 1,08
TOTAL TIME IN APPARATUS 4'. t'iS
CONSOLIDATION SHEAR W 40 ikuthS
HYPER13OLC STRESS-STRAIN PARAMETERS
/0.391
i vc
Rf
r2
o.qb A5.-SUM6
0,cq 4-
RADIOGRAPHY
kV bo mA
EXPOSURE TIME
3.5,
~ -i~r~
REMARKS
) - .- ll ml_ _ t
MECuR'1' P0-r5
CAU(-T 'PI5TON CLAMP AT 4 = I. Sf"l 0 TOPPEO Ai ) 9
TO E X T~J S 40J.
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
&A I 'r
I
Sheet 3 of 4
326
CONSOLIDATED - UNDRAINED TRIAXIAL TEST
PROJECT so-O TYPE OF TEST RecO"PIE'S'' ' TEST NO. Crc./E-os
SAMPLE DIMENSIONS
(cvn )
A V
( crrm)
E(% (%)
INITIAL -4.924- to 0-+e k 0.+. 0-o 00 55.07-
PRECONSOUDATON .2 o.19 85.40 0.01 0.2oz Is4 +. -)
PRESHEAR _4.986 o.58 9343 0.+& 2,2e 153.30
POST SHEAR S.52_ _ ,46 f go, 6 -. 6 1 . -3.2o
FINAL - - - -
FINAL MEASURED . a2 ?l __?_-_ s ? _-_._o
3-
1am
CD
C
02 rOS
CONSOLIDATION DATA
STRESSES IN
STEP I 2 3 4 5 6 7 8 9 10
a 0-396 f ; 0-0
tic O'396 o.6'43 __ ___ _ _ __ _ _ _ _ _
tC (HRS) 6.o n.o
ea (0/0) 0As O.+'
cvo 1(%) .2--2-
Kc 1.0-0 -
STEP 11 12 13 14 15 16 17 is 19 20
0'vc
J'h
t
c (HRS)
6 o (%)
6Vol (%)
Kc
STEP 21 22 23 24 25 26 27 28 29 30
o'vc
O'hc
tc (HRS)
Kc
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M. I.T.
4M C
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
PROJECT - 0HIO TYPE OF TEST IEc3yA'R1ss1*JTEST NO. cKcc/E -OS
Time E0  ( OAv--W. (A A q E
(hr) (%) 
___-_ c a0lc 
_h 
_vc 
_ _ 
_f qf
0.00 0-00 .000 0.000 Y 0000 1 000 - .000
O. so 0.02 0.2.63 o09 1,30 0 40 4 con 3n.O oSs4
0.-15 0xrt 04-4 o,60 1.64. o. O23 1 3 19.9 0.2 1
__ 5'_ _ o.s79 o.-+O. . 0. 5 ,7 q!54- 2 s.O o.330
I 80 . 0,28 0367. 2.13 4. .64 1.006 5
S_.50 
_ ;.2 
-. O1 Alb o 41- 0-53 .- 9 .
__.___0 i,26 i.053 0.492 3.05 0.46 ( .a26 03q 34S -. q
7 2.6v '2_5 _ +9 3.4- o .3 
- 4
n05.0 3.61 l.3931 0,4-5 3.6- 0.34- 696 I 25 43')
12.50 4.s3 I1.I2 (.A4Z 3.69 0.2-9 _ _ _ .3'9
14$0 s,+~- sa7 o$ 3,S0 0.24- a? 436 
-2 3
_.5 . .40 6S 30 35 o.23 .443
232. 665 02353 3.5 0 2 44 U9 4
20."'0 8.24 1 9 0 265 3.3Z o .1 c76 5 9 - 3 o g2.
23.6 a
1-15 (X2i4-
73 20 1 -''I I II 11
2.4.00 939 0.4.5& 
_3_ ).-40 
- 0 .2 2 9 o._80
25.345 8.01 0.063 ;393 '1.0 0.032 0.65
2635 '4- - 0.C02 _ _ 0.9-0 
-
4.! 
-0-
2445 1.19 -0.104- cxza o- -.c52 o530
2.~__6._9 -ol- , .4- 
- 2 0103- 0.436
31-5 5<38 -0'283 >.E -__ 
_ -O 42. O.-~
33.75 4.457 - 34 0.433 o o 4-
35.35 c. -'.40 0.3?s - o,204- 0 .429
3_ _ 240 - 04.. o.q 0.228 o 498 - - -
401-+.- 
_ -0.5'5 0. Z.24 -oV- oA52 
-
43. -. 23 - 0.662 O ?6 0ef .331 .0,s 4+
465 m.6 -o.asi o.oba a 
- -o-+- o,56- 
--
50.00 -. 4 . -064- -o-0 o - __---.- o A,6
______ c,.6334.00 ~-.2. -0.9 \3 -O.lfl o'-- 
-0.456 o .659 
-
stoo .30 -0.12~+ -0.163 . - -. 464 0.3-
60.00 -S.13 -0.938 -oa43 419- -. +9 028 -
GEOTECHNICAL LABORATORY
DEPT. OF CIVIL ENGR.
M.I.T.
328 o 
3 o,,t,
Cf. I I L' 6
2.3+
o459
i 
I 43
S 0 
0 0 S
4.00
CK UC/E-05 RECOMPRESSION
3.00
-
2.00
oCOMPRESSION
A EXTENSION
1.00
0.00 -_-
-12.00 -8.00 -4.00 0.00 4,00 8.00 12.00
AXIAL STRAIN ca (%)
0 00 
S 0 S 0 0 0 0 0 0 0
0.00
.60
CK UC/E-05 RECOMPRESSION
8.0
12.00
AXIAL STRAIN ca M
(~J
Au - Ach
vc
0.00
- 'I20 wm
-12.00 -8.00 -4.00 8.004.00
0 0 S 
S V
4.00 8.00 10.00 12.00
AXIAL STRAIN Ea (%)
.60
CV)
r-I
If
.40
.20 -
0.00
0.00 2.00
 0
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CONSOLIDATED - UNDRAI
PROJECT 50t-1O
SOIL TYPE AQCC 7-ST
LOCATION tU0LUy TQO L.
BORING NO. MP-B . SAMPLE NO. S60
DEPTH 4.2 T -R IELCW W4UNE
WATER CONTENT
INITIAL, BASED ON TRIMMINGS +6 4- %
INITIAL, BASED ON SAMPLE 4
FINAL, BASED ON SAMPLE ... IL%
N
PHASE RELATIONSHIPS
'ET "--L 3'DRY
ej i ,59 e 154-
Si % Sprecons E2. %
Gs
GRAIN SIZE
% -'200
% - 2 L 34-
Cu C c
ED TRIAXIAL
TEST NO.
TYPE OF TEST .
APPARATUS NO.
TESTED BY
DATE
TEST
CKcUC/6-o6
Fe -6
95/04-
ATTERBERG LIMITS
Wp 3Z,
WL
Ip 25.?. % IL .6o-;
MISCELLANEOUS
B %
SATURATION AV O.28cr 3
CONSOLIDATION &V
MEMBRANES -2.......THICK 7- THIN
CORRECTION FACTOR .
FILTER STRIPS X_
CONFIGURATION -
CORRECTION FACTOR 0
AREA CORRECTION ""A 1 OK
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CONSOLIDATED - UNDRAINED TRIAXIAL TEST
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CONSOLIDATED - UNDRAINED TRIAXIAL TEST
PROJECT So0to TYPE OF TEST REccmve-s0TEST NO. c. 0 c/-06
SAMPLE DIMENSIONS
L
(Cm )
A
cm
V
(Cvna? 0 (ojltb)
INITIAL S041 11.01 W3.62. 0.00 o.oo 139.38
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CONSOLIDATED -UNDRAINED TRIAXIAL TEST (continued)
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:.-O 92 69 .000 0.080 2.6 -- 0 500-6
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COMPARISON OF CKOUC AND CIUC TESTS
4.00
3.00
2.00o'
h
1.00
o CIUC-02
A CKUC-0 3
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COMPARISON OF SIMPLIFIED AN 1-D Ko TESTS
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APPENDIX C
Ko CONSOLIDATED-UNDRAINED DIRECT SIMPLE SHEAR TESTS
The tabulated results and figures for the Direct Simple
Shear tests performed on the Harrison Bay Arctic silts from
the 1984 test program and a copy of the computer routine
used for data reduction can be found in the thesis by Yin
(1985) entitled "Consolidation and Direct Simple Shear
Behavior of Harrison Bay Arctic Silts".
